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I. INTRODUCTION

This report summarizes the results of a two-year investigation of

optical waveguide scattering phenomena. It builds on, and in some cases cor-
rects, information obtained during the first-year investigation, described in
Ref. 1. The program was funded by the Air Force in connection with their
on-going effort to develop an integrated optical spectrum analyzer.(z) Air
Force personnel have long recognized that the signal processing capabilities
of an integrated optical spectrum analyzer, as measured by its dynamic range,
was likely to be limited by scattering events in the waveguide carrier.

The objective of the present program has been to study these events, obtain in-

formation regarding the sources of scattering, and develop fabrication proce-
dures that minimize the number or effectiveness of these sources.
Owing to the difficulty of the problem, only one of several candidate

waveguides has been considered. That has been the Ti-diffused LiNbO3 waveguide,

currently the waveguide of choice for the spectrum analyzer application. At
the conclusion of the rese.arch, we are able to state with confidence that this
class of waveguide is indeed useful for spectrum analyzers having a dynamic
range of 40 dB, as required by currently envisioned device applications.
Unfortunately, this conclusion cannot be based on the actual fabrica-
tion and testing of a waveguide commensurate with this level of performance.

Spurious scattering associated with prism input coupling has constituted a

source of noise that has prevented this. We have developed methods for dealing
with this noise and have derived an encompassing if not rigorous theory to use

in interpreting our results. This theory allows us to reach conclusions regard-~
ing the number and effectiveness of scattering centers in our waveguides. From
this we can predict the performance of waveguides fabricated using altered dif- 1

fusion conditions. Our opinion that LiNbO, is an eminently suitable substrate

for an integrated optical spectrum analyzeg is based on the highly favorable
outcome of these predictions.

Progress toward this conclusion has resulted from achievements fully
described in the body and appendices of this report. Section II contains a
listing and discussion of the physical basis for nine potential sources of

scattering relevant to LiNbOj waveguides. They range from those associated




with substrate preparation, such as polishing, to those associated with dif-
fusion phenomena, such as lithium-titanate compound formation at the diffused
waveguide surface.

Section III is a compendium of experimental methods that may be used to
study the scattering centers itemized in Sec. 11. These include diagnostic
methods which ideally produce direct evidence of individual scattering centers,
as well as optical waveguide experiments from which a picture of the scattering
centers is pieced together using indirect evidence. We have included in the
discussion our experimental results for those methods which were only used in
the program briefly. This included virtually all diagnostic tools, which were
frankly not very useful in providing information about the elusive scattering

centers in Ti diffused LiNbO3.

In Sec. IV, we present the theoretical analysis necessary for the inter-

pretation of our optical waveguide experiments. The section begins with the
derivatiou of a formula for calculating spectrum-analyzer dynamic range in terms
of scattering cross section, scattering-center densityv, and tvpe of scattering
involved (Rayleigh, Rayleigh-Gans-Debve, ar Mie). Then we move to the deriva-
tion of formulae for scattering cross sections. By inserting in these formulas
the values of the scattering parameters estimated for the various mechanisms of
Sec. II, we are able to predict the spectrum-analyzer dynamic range associated
with each mechanism. The results of this section show that in-plane scattering
caused by surface compounds formed during diffusion is likelv to be an important
limiter of spectrum~-analyzer dynamic range.

Section V constitutes the principal experimental section of the report,
in which results consistent with scattering from both surface roughness and sur-
face compounds are obtained. The section outlines the experimental methods that
were used to obtain in-plane scattered-energy distributions, and the analytical
methods that were used to interpret them. Included is a discussion of scatter-
ing associated with prism input coupling and of experimental attempts to polish
two opposite waveguide edges for end-fire input and output coupling. Then we
present experimental results for seven different waveguide samples used in the
program, fabricated by various diffusion treatments. The results are used to
predict very good performance levels for waveguides having smaller values of

surface index change An and larger values of diffusion depth D than those we

Yy
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fabricated. These conditions may be achieved using longer, hotter diffusion
treatments (say 8 h at 1000°C), and the use of such conditions is the principal
recommendation of this report.

Section VI summarizes the results and conclusions of the program, while
Appendices A~E expand on various items mentioned in the body of the report. The
most important of these is a theoretical analysis of scattering enhancement
associated with the use of prism input coupling. This enhancement is produced
by the interaction of the evanescent fi~ld of incoming light reflected at the
base of the prism with scattering centers at the surface of the waveguide. An
unfortunate finding is that the enhancement factor increases for waveguides
having index and depth parameters conducive to better scattering performance.
The result is that good and bad waveguidestend to produce similar in-plane
scattered energy distributions when obtained using prism input coupling. This
feature obscures the dependence of waveguide quality on the diffusion treatment
and caused us to report erroneously in Ref. 1 that this dependence was minimal,

We now believe that the best Ti-diffused LiNbO, waveguides will be

formed from thinpner Ti films (say 150 ;) using longer dgffusion treatments (say
8 h) at higher temperatures (say 1000°C). Some post diffusion polishing may

be helpful, especially if inhomogeneous mixtures of lithium-titanate compounds
remain at the waveguide surface following the heat treatment. This is more
likely for thicker Ti films, and may also be influenced by the diffusion atmos-
phere, oxvgen or argon, though this has not been studied.

Post-diffusion polishing may also be helpful in reducing surface rough-
ness caused by the Ti diffusion, though generally surface roughness levels are
too low to produce significant scattering except in waveguides having relatively
large values of the ratio An/D (say > 0.01 um_l). If such waveguides are re-

quired because of system considerations, we point out that good quality wave-

guides can result from heavily diffused samples by substantial post-diffusion

polishing.(l)

, B Rt ¢
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IT. SOURCES OF SCATTERING IN Ti DIFFUSED LiNbO3 WAVEGUIDES

In this section we discuss potential sources of s:attering in Ti:LiNbOj
waveguides that we have been able to identify. Not all of them have been studi-
ed in detail, and not all of them are viewed to be significant. But it is ap-
propriate to generate a list to quantify the scope of the scattering problem and
to use as a reference when discussing the work of the program.

The sources of scattering are divided into two groups: fabrication-re-
lated sources and diffusion-related sources. The former are associated with the
human role in preparing waveguides; the latter are related to the physics of the

diffusion process, and would be expected to be the more difficult sources to

eliminate.
FABRICATION-RELATED SOURCES OF SCATTERING
Surface Roughness
' Surface roughness has been the potential source of waveguide scatter-
ing most often treated in the 1iterature53‘4‘5) In the context of this report,

it refers to the deviation of the waveguide surface from an ideal plane. The
simplest model of a rough surface is indicated in Fig. 1. The average deviation
of the surface height from the ideal plane is zero, while the rms average devia-
tion is termed o. The parameter 4 is the lateral distance over which the sur-
face height function is correlated. 1t is, in simpler terms, the average wave-
length of the surface-roughness undulations. One may think of the waveguide
thickness as being modulated by the roughness fluctuations. This causes propor-
tional fluctuations in the waveguide mode index. These fluctuations distort the
wavefronts of guided light and cause scattering.

A perhaps more realistic view of a polished surface is shown schemati-
cally in Fig. 2., where the effects of subsurface polishing damage are indicated.
Additional features not shown in Fig. 1 are voids and cracks caused by imperfect
polishing, in which successively smaller abrasives are not used long enough to
remove the damage caused by the previous abrasives. Subsurface damage phenomena

are known to exist for polished glass and probably exist for LiNh03. though the

4
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phenomena may be very different because of the crystalline nature and different

mechanical properties of LiNbO3 relative to those of glass. We emphasize that
Fig. 2 is schematic in nature. We know of no work that has been performed to

study the nature of polishing damage in LiNb03.

Crystalline Imperfections

6)

Nassau, Levinstein, and Loiacono( have stated that solid-phase in-
clusions, gaseous inclusions, prominent low-angle grain boundaries, twin planes,
and dislocations have been revealed in pulled LiNbO3. They add that all except
dislocations can be eliminated by careful crystal growth. They present photo-
graphs showing 10-um sized triangular and hexagonal inclusions which they
describe as metal particles from the crucible.

We have not done a careful study of these phenomena, but our observa-
tions tend to be supportive. Samples used in the program have been selected-
acoustic-grade material from Crystal Technology, optically polished to 3/i0 on
both sides to facilitate inspection. The most often observed imperfections are
macroscopic refractive-index striations that run for centimeter lengths parallel
to the optic axis. The manufacturer has been cooperative in providing us with
crystals that do not exhibit this phenomenon, which may reflect imperfect poling

or fluctuations in crystal stochiometry.

Titanium Nonuniformity

Fluctuations in the titanium concentration in diffused waveguides will
Le associated with refractive-index fluctuations that can scatter light. Some
potenticl sources of Ti nonuniformity are diffusion related and are discussed
below. One source that is fabrication related has to do with the deposition of
a Ti film for diffusion on an imperfectly cleaned LiNbO3 substrate. At the high
temperature required for diffusion, dust and surface residues will oxidize and,
possibly, mar the uniformity and diffusion characteristics of the overlaying Ti
film. These variations in the film later produce variations in the diffused

layer which scatter light.

b
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Figure 3 shows a Nomarski Micrograph of the edge of a Ti-diffused
LiNbO3 wavegulde. The center of the wavegulde is defect free. The artifacts
presumably result from poor cleanliness at the sample edge. The micrograph re-
veals circular structures of 5-10 um diameter that could be areas where the Ti-
film exploded away at the high diffusion temperature. Also noted are smaller

reflective structures where, for unknown reasons, the Ti was not diffused into

the surface.




Fig. 3. Nomarski micrograph showing artifacts
near the edge of a Ti-diffused LiNbOj

waveguide. (500X)
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DIFFUSION RELATED SOURCES OF SCATTERING

Li-Ti-0 Compound Formation

Burns, Klein, West and Plew have published evidence that the diffused
Ti concentration in Ti:LiNbO3 waveguides shows a peak extending to about 0.3 um
(N

below the surface. This peak is imposed upon the anticipated Gaussian
diffusion profile extending 2 um below the surface. The authors postulate that
the excess Ti concentration is bound in the form of Li-Ti-O compounds such as
LizTiO3 or L12T1307. These compounds form a dilute mixture with the LiNbO3
host. Unless this mixture is homogeneously distributed in the plane of the

waveguide, it will constitute a source of waveguide scattering.

Microdomains

Microdomains in grown crystals are generally prevented by the use of
proper poling techniques!s) However, Ohnishi has reported that domain re-
versal at the positive dipole (+¢) face of LiNbO3 can occur at the elevated

(9) Also, Venables reports

temperatures used to make waveguides by diffusion.
that microdomains can be generated in LiTaO3 crystals by the process of grind-
ing and polishing thin wafersfloﬁoth of these mechanisms could conceivably in-

troduce microdomain scattering centers into LiNbO3 waveguides.

Growth Strains and Misfit Dislocations

Ramaswamy and Standley have reported the observation of dislocations
in Nb-diffused LiTaO3
tween LiNbO, and LiTaO,.

3 3
into a LiNbO3 rod produced strains sufficient to fracture the crysta

caused by elastic strain due to the lattice mismatch be-

an Boyd, Schmidt, and Storz report that Ni diffusion

1.2

Sugii, Fukama, and Iwasaki found a 0.1%7 lattice contractions caused by Ti
diffusion into LiNbog}g)This resulted in misfit dislocations and cracks in the

diffused layer that could serve as a source of waveguide scattered light.

10




LiNb.,0, Formation

Svaasand, Eriksrud, Nakken, and Grande have observed the gradual con-
version of LiNbO3 to LiNb308 upon heating the crystal to the vicinity of
810°C.(14) The latter phase occurs in the form of small crystallites that were
demonstrably effective scatterers of light. Some generation of LiNb3O8 crystal-
lites could occur during waveguide fabrication as the substrate is heated to or
cooled from the diffusion temperature, giving rise to optical waveguide scat-
tering. In this connection, note that the outdiffusion process is described by
the chemical reaction 3LiNbO,-+Li

3 2
formation may thus be conducive to scattering by separated phase material, pro-

0+ LiNb308. Outdiffusion during waveguide

vided this material is not homogeneously distributed in the plane of the wave-
guide. Figure 4 shows the surface degradation that can result from a heat treat-

ment specifically intended to produce the separated phase LiNb308.

Globular Metal Films

1t is known that vacuum evaporaticn of thin layers of Sn onto heated
substrates can produce globular films containing particles of the order of the

(15) If this phenomena were to occur for

wavelength of visible light in size.
the case of Ti films evaporated on LiNbO3 substrates, the resultant diffused

layer could contain index inhomogeneities capable of scattering light.

Statistical Fluctuations

Even if perfection is achieved in the fabrication of a uniform Ti film
and in the subsequent diffusion process, a finite level of scattering will still
result from statistical fluctuations in the concentration of Ti throughout the
waveguide. This is the lowest level of scattering which is theoretically

possible.

11




Nomarski micrograph showing the results of
a 10 min heat treatment of LiNbO3 at 850°C
in flowing 02. (500X)
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I1I. METHODS FOR STUDY OF SCATTERING SOURCES

In this section we will present a compendium of methods that may be
used to study sources of waveguide scattering. We have employed many of these
methods to varying degrees, and we will indicate when appropriate our experi-
ences with them. Our results with the methods that we employed most often will,
however, be covered in later sections in more detail.

We classify methods for studying scattering scurces as being either
direct or indirect, depending on whether the method provides actual informastion
about the source or information that must be inferred from a related observa-
tion. Microscopy in its varied forms would be an example of a direct method,
while etching studies would be an example of an indirect method. Direct methods
can be further divided into topographical approaches, which look for surface
structures, and compositional approaches, that look for spatial variation in

chemical make up.

DIRECT METHODS

Topographical Approaches

Nomarski Microscopy

The microscope is the most obvious tool for examining surface topo-
graphy, but in the case of highlv polished surfaces showing little structure it

leaves much to be desired as a means for resolving small surface height differ-

ential. An adaptation known as differential-interfercnce-contrast microscopy
(cr Nomarski microscopy) has the capability for converting phase information
imposed on an optical beam by reflection from a nearly perfect surface to J

(16)

amplitude information. This makes it possible to view topographical struc-
tures as small ..3 several Angstroms provided the slopes are sufficiently steep.
Our main use of the Nomarski microscope throughout this program has
been to evaluate the topography of diffused waveguide surfaces directly after ;
diffusion. We usually have found a granular texture such as that shown in ]

Fig. 5 which we speculated was one result of the Li-Ti-0 compound formation

13
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Nomarski micrograph showing the granular
surface texture associated with Ti dif-
fusion (1000 A Ti film, 26 h diffusion,
500X magnification). Vertical line shows
the demarkation between the diffused region
(right) and the undiffused region (left).
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7
described by Burns and coworkers.( ) Other have noted a change in this granu-

larity with increasing diffusion time, with the appearance of the surface gener-
ally becoming smoother.(l ) We have tentative evidence that this is the case
but have not performed a careful study. Our approach has been to achieve wave-
guide quality enhancement by polishing away the granular layer. Our experi-

ments are summarized in Ref. 1.

TIR Microscopy

A different optical microscopic technique has been employed by H. E.
Bennett and coworkers at the Naval Weapons Center.(lg) As shown in Fig. 6, a
laser beam is reflected from a polished surface at an angle greater than the
critical angle. The evanescent field is scattered by surface structures and
detected with a conventional optical microscope. This is similar to dark field
microscopy. We tested the method and found that it was very sensitive to sur-
face dust, but we were not sufficiently encouraged by our observations to use

the technique in place of Nomarski microscopy.

Multiple-Beam-Interference Microscopy

We also tested, briefly, the use of multiple-beam-interference methods
for studying surface topography. These methods generally employ a conventional
microscope to image the wavefront formed by multiple reflections between a test
surface and a reference surface. The two surfaces are coated with a highly
reflective layer to increase the number of reflections of light waves trapped
between them. This amplifies the phase distortion associated with surface
topography to the extent that 5 ; roughness can be observed with 2 uym horizontal

(19)

resolution, However, the time available during this program to establish

this measuring capability was not sufficient to achieve the reported semsitivity.

Using a commercial device for measuring the thickness of thin films, called an
[

Angstrometer, we achieved a 100 A vertical resolution during preliminary investi-

gations (see Fig. 7). This was not adequate to resolve the surface roughness of

our LiNbO, samples, and we did not pursue the method further.

3
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Fig. 6. Total-internal-reflection microscopy.
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Fig. 7. Angstrometer data showing 100 A
vertical resolution. -4




Scanning Electron Microscopy

The final microscopic technique that we tested was that of the scan-
ning electron microscope (SEM). Actually we employed this equipment in several
modes of operation during the program, but the one we describe here is a shad-
owing method for looking at the topography of relatively smooth surfaces. In
this technique a sample of LiNbO3 is coated with gold at glancing incidence
(v 1°) to allow shallow topographical structures to shadow the surface. Fig. 8
shows the resultant SEM micrograph of a dusty surface, in which the shadowing
effect is clearly evident. However the technique becomes less useful as the
slope of the surface irrecularities becomes small in comparison to the angle
of incidence of the evaporated beam, and this was apparently the case for clean
portions of the sample examined. There was no variation in surface contrast

that could obviously be attributed to the topography of the polished surface.

Talystep Profilometry

The last topographical approach that was employed to study surface
roughness was the Talystep instrument operated by Drs. Ted Voarburger and Clayton
Teague of the National Bureau of Standards. This instrument has a maximum mag-
nification of 106, making possible the detection of rms surface roughness as
small as 1 R. At this level of magnification the instrument yas used with a
chisel-shaped stylus with approximate dimensions 0.1 uym x 1 um.

The instrument was used to examine the topography of a polished LiNbO3
substrate purchased from Crystal Technology. No processing of the substrate was
performed prior to the examination. Ted Vorburger of NBS made three 1.5-mm long
scans of the surface both parallel and perpendicular to the optical axis. He
reported that the surface was among the smoothest ever examined at NBS, with
less than 3 X rms roughness and an autocorrelation length of about 36 um. The
autocorrelation length may have been slightly longer when measured parallel to
the optical axis. There was possibly an additional short wave correlation
length of about 1 um, but this was too close to the lateral resolution of the
system to be sure. For that matter, a significant fraction of the 3 X rough~
ness could have its origin in system noise. The complete NBS report is Appen-
dix A of this report. Surface evaluation was repeated after am interval of

73 days with similar results.

18




Fig. 8. SEM shadowgraph of a dusty LiNbO

surface. (2000X) 3
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The sensitivity of the Talystep instrument makes it, in our opinion,
the best tool for surface-roughness studies in this type of work. Unfortu-
nately, awareness of this instrument and its capabilities came too late to make

further use of it during the program.

Compositional Approaches

E-Beam X-Ray Analysis

Other methods for direct observation of waveguide scattering centers
look for variations in the composition of the waveguide materials rather than
for variations in waveguide topography. One such method is e~beam x-ray analy-
sis, in which a micron-sized electron beam is used to bombard a sample with the

. . 20
objective of creating x-rays characteristic of the materials encountered.( )

This technique has been used to measure Ti-concentration profiles in planar and

"
channel waveguidcs.(“o‘zl)

However, in a scattering program the objective is
to measure nonuniformities in the Ti concentration, rather than the average con-

centration, and a much greater sensitivity is required of the technique.

We emploved e-beam x-ray analvsis to look for Ti nonuniformities in a
diffused waveguide, in an undiffused, unoxidized Ti film, and in an undiffused,
oxidized Ti film. Both films werce on LiNbO., substrates. The only situation for

3
which we observed a Ti nonuniformity was in the case of the undiffused film that

i e nr A

had been oxidized at 600°C for 1 hour. The initial film was deposited on an im=-
perfectly clean surface and served to decorate the surface residues. After ther-
mal oxidation, further decoration occurred, and new imperfections, such as micron

sized bubbles, were observed. Tt might be anticipated that the oxidation process 14

would cause vaporization of organic residues which, in turn would explosively re- §
move some of the overlaying Ti film. We did not acquire any evidence for this, 1
even when we scanned the electron beam through highly decorated regions of the
oxidized film. However, we did obtain one scan of the 720 um length which shows a
S-um-wide region of excess Ti. This scan is shown in Fig. 9. It is not known )
if the excess Ti is associated with the oxidation process or with the initial
Ti-deposition process. A scan of an unoxidized Ti film revealed no similar

feature, although in measurements of this type it must be remembered that a

millimeter-sized scan of a micron-sized beam does not cover much surface area.




conc

conc

!¢ 700 um a—‘

Fig. 9. e-beam, X-ray analysis data showing the presence of a
region of excess Ti on an oxidized but undiffused Ti

L film/LiNbO, substrate.
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The chances of seeing a 5 um particle using a 1 mm scan are good only if the
particle density is large compared to (0.005 x 1 unuz)‘-1 = 200 mm—z. We did not
make enough scans of the surface to fully test the potential of this method of

measurement. In retrospect this would have been worth doing.

Secondary Ion Mass Spectroscopy

Another technique for looking at compositional variations in waveguide

(N In this technique the

materials is Secondary Ion Mass Spectroscopy (SIMS).
compositional profile is determined in depth as material is ejected from the
surface and analyzed using mass-spectroscopic techniques. This method does not
usually offer high spatial resolution in the plane of the waveguide, but it
does so in depth. In this sense, SIMS is complimentary to e-beam x-ray analy-

- sis which averages over about 2-um depth but affords good lateral resolution.

The most important use of SIMS in studying optical waveguides was re-

ported by Burns and coworkers.(7) They observed an anomalously large Ti con-
centration in the top 0.3 um of a diffused waveguide. They attributed this to
the formation of Li-Ti-O compounds during diffusion. We have speculated that

‘ the granular structure shown on the waveguide surface of Figure 3 is a further
indication of this phenomenon. The importance of this Li-Ti-O0 surface contami-
nation to waveguide scattering is inferred from the fact that waveguide quality

degrades when thicker Ti-films are diffused, but this should ultimately be

tested by a series of measurements in which waveguide quality is compared to

. Li-Ti~0O contamination as measured using SIMS.




INDIRECT METHODS

Waveguide Scattering

We now move to a discussion of methods for studying scattering sources
in which information must be inferred from observations which are indirectly
influenced by scatterers. The method that we have used the most is in-plane
waveguide scattering. Measured scattering levels can be related by theory to
characteristic scattering parameters. The parameters can then be compared to
those which would be expected for various sources. The information obtained by
this procedure is model-dependent and should therefore be used to corrchorate
direct information whenever this is possible. We will have much to say about
waveguide scattering measurements and their interpretation in subsequent sec-

tions of this report.

Electric-Field Induced Scattering

Occasionally, modifications of the standard in-plane waveguide scatter-
ing experiment can be performed to obtain more concrete information about par-
ticular scattering sources. For example, we have applied electric fields to
LiNbO3 waveguides with the expectation of enhancing scattering from any micro-
domains that may be present. Our first observations reported in Ref. 1 showed
a positive effect. More recently we have determined that the electric-field
enhanced scattering that we observed was due to fringing-field effects at the
electrodes used to apply the electric field to the waveguide. This conclusion
is based on the observation that field-enhanced scattering decreases as the

electrode gap becomes significantly wider than the guided beam.

Indiffused and Outdiffused Waveguide Comparison

Another use that can be made of the in-plane waveguide scattering ex-
periment is to compare the scattering from both Ti-indiffused LiNbO3 waveguides

and Liz
may be ascribed to a source that is related to the Ti diffusant. Similar scat-

O-outdiffused LiNbO3 waveguides. Any excess scattering in the former

tering levels suggests a source of scattering common to the host crystal, such




as surface roughness or the occurrence of the separated phase LiNb308. The
situation is complicated by scattering differences associated with prism coupl-
ing and by the fact that Ti-diffusion can influence surface roughness and
LiNb308 formation. We will discuss this further in connection with our experi-

mental results in Sec. V.

Polishing Studies

Waveguide scattering can be used in '"before and after" studies in
which the waveguide is repeatedly modified and examined to see if the modifica-
tion produced a reduction in scattering. Qur best example of this is the
improvement in waveguide quality that results from polishing the surface.(l)
This improvement is most pronounced when thick (4 700 Z) Ti films are diffused
to make the waveguide. We have attributed the improvement with polishing to

removal of Li-Ti-0 compounds at the surface as described in Ref. 7.

Reflected Light Scattering

In addition to the use of waveguide scattering to obtain information
A
about sources, we have employed conventional beam scattering from waveguide sur-
faces to obtain information specifically about surface-roughness parameters. The

results will be discussed in detail in Appendix E.

Thermal and Chemical Decoration Techniques

There are, in addition to these optical approaches based on light scat-

tering, several non-optical approaches for obtaining indirect information about

scattering sources. These are generally thermal or chemical techniques for . j
decorating flaws that might not otherwise be visible. The most well known of }
these is wet chemical etching.

We have mentioned several etching studies of LiNbO3 used as a means for
observing microdomains. (6,9) Our etching experiments gave no clear indication . g

of the presence of microdomains, but we did observe some interesting effects.

The most significant is that Ti diffusion makes the LiNbO3 surface more etch i

resigtant. Figure 10 shows the results of an experiment in which a sample con-

taining a ~ 130 yum wide Ti-diffused chamnel was etched in hot H3P04. The

24




Fig. 10. Results of etching a 130 um-wide Ti-diffused
LiNbO3 channel waveguide in hot H3POA.




material surrounding the channel has been removed to a greater extent than the
material in the channel,

Figure 11 shows the refults of an etch in hot concentrated H2804 of a
sample that was coated with 150 A Ti and diffused to form a waveguide. Al-
though the sample was coated uniformly, the resulting waveguide surface showed
regions of high and low granularity. When etched, the regions of low granu-
larity showed the characteristic "V" pattern that we believe to be associated
with the host material. The regions of high granularity were etch resistant.

This result is supportive of the idea that Li-Ti-0 compounds are re-
sponsible for etch resistance and that surface granularity is an indication of
their presence. Nonuniform distribution of the compounds can cause light scat-
tering. The granular texture of the diffused surface, both before and after
etching, suggests that the compounds are indeed distributed nonuniformly in
space. The characteristic size of the granular texture is on the order of 1 um
before etching. After etching, the characteristic size estimated from Fig. 11
is more like 20 um.

Figure 12 shows the results of an etching experiment carried out using
1 part HF and 2 parts HNO, at 90°C for 70 min. The sample was a scrap piece of

3
LiNDO, of uncertain history. It may or may not have been Ti-diffused, although

3
notes on the experiment do not mention any particular etch resistance that may
have been associated with the presence of diffused Ti.

The occurrence of etch pits or hillocks similar to the large struc-
tures in Fig. 12 have been noted by others, usually in z-cut crystals.(g) Most
often they are isolated and occur at the terminus of dislocations. In Fig. 12
the etch-induced structures are contiguous. Moreover, the crystal is y-cut
rather than z~-cut. This may further effect their interpretationm.

One tantalizing way to interpret Fig. 12 is to associate the size and
distribution of etch structures with the size and distribution of scattering
centers. This is reasonable if the scattering centers give rise to the etch
structures. The size of the larger etch structures are 15 pym. Interestingly,

this is about the size of the scattering centers as we measure them using in-

plane waveguide scattering.

26
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Fig. 11. Results of etching a uniformly Ti-diffused
o LiNbO, sample in hot concentrated H,SO,.
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Fig. 12. Results of etching LiNbO, in hot

HF/HNO,,. 3
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IV. EFFECTS OF SCATTERING SOURCES ON WAVEGUIDE
AND SPECTRUM ANALYZER PERFORMANCE

In this section we use simple models for sources of scattering to pre-
dict their effect on waveguide quality and, in particular, on the dynamic range
of a spectrum analyzergz)These calculations are helpful in identifying types of
scatterers that are likely to be a particular problem in limiting spectrum ana~
lyzer pertormance and they provide us with guidelines to use in interpreting

our experimental results of the next sections.

CALCULATION OF SPECTRUM-ANALYZER DYNAMIC RANGE

Figure 13 shows the front and back focal region of a spectrum ana-
lyzer design that we will use in calculating dynamic range. The object of the
calculation is to predict the scattered signal at any detector relative to the
unscattered signal at the central detector. We consider scattering events that
occur in both the diffracted and undiffracted beams both before and after the
lens. But we do not consider scattering events that occur before the acoustic
wave in the front plane of the lens. To further simplify the calculation, we
take the lens to be infinitely thin and positioned at the center of the real,
distributed lens.

The specifications for the spectrum analyzer shown in Fig. 13 were
provided by the Air Force; however, we can base our derivations on a general
spectrum analyzer for which F is the lens focal length, W is the unfocused beam
width, 8y is the detector width, and Ay is the separation of a particular detec-
tor from the central detector. The z-axis is the direction of the diffracted
beam and z is the distance from the detector array.

To keep the scattering mechanism as general as possible for the pre-
sent, we describe it by the differential scattering cross section o(¢), defined

as follows: Tf 1 is the power per unit width W of the waveguided beam, then

AP = Ta5(¢)Dé (1)
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Fig. 13.

Geometry used in calculating spectrum analyzer performance.
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is the power scattered in plane at an angle ¢ into an angular sector A¢. Note

that as a result of the waveguide geometry, o(¢) has dimensions of length. This
is in contrast to the case for scattering in a 3-dimensional geometry, where o
has dimensions of area and I is power per unit area of the incident beam. If
there are I scattering centers per unit area, then the total power scattered

into the sector A¢ is

APtot = LW Io(dag (2)

where the product LW is the scattering area.

Contribution to Scattered Power from
the Focused Beams

To apply these concepts to a calculation of spectrum-analyzer dynamic
range, consider the contribution to scattered signal from scattering events that
occur between the center of the waveguide lens, assumed thin, and the detector
array. Figure 14 defines the scattering parameters for a strip located be-
tween z and z + dz, where z is the distance from the array. For rays scattered

at height y and incident on the array at height y', the scattering angle is
-1 ' -1
¢ = tan [(y'-y)/z] + tan "[y/z] . (3)

The total scattered power from the strip into a detector extending from

y' = Ay - 8y/2 to y' = Ay + 8y/2 is obtained by integrating over all scattering
angles subtended by the detector, all initial ray heights, and all thin strips.
For convenience, we convert the ¢ integration to a y' integration using

dé = (3¢/9y')dy'. We have, then -

rey

3 ztan Av+8y /2
ap = [dz [ dy fI(y,z) [ dy' ol¢(y,y',2)1(3¢/3y") . (4) -
0 -ztand Ay-8y /2

In this expression, @ is the half-angle defined by the converging beam. For
most cases of interest, the differential scattering cross section will not vary

much with y' across the span of the detector element. Consequently, it may be
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replaced by its value at y' = Ay and taken outside the y' integration. The y'
integral is then just the difference in the scattering angle ¢ when evaluated
at the edges of the detector. We are left with

ztand

F
AP = [ dz [ dy II(y,2)ol¢(y,Ay,2)] (5)
[} -ztanb

X {tan_ll(Ay + 8y/2 - y)/z]
-tan—l [(Ay - 8y/2 - y)/z]}.

It is desirable to obtain an analytic approximation to this integral, one which
at least contains the correct dependences on the parameters, though it may be
off by numerical factors on the order of two. Examination of Fig. 14 sug-
gests that the angle subtended by the detector, given by the quantity in curly
brackets in Eq. (5), is approximately described by the value obtained when
Ay and y are zero. This approximation is best for detectors near the optical
axis which are of particular interest since they determine the spectrum analyzer
dynamic range.

We also simplify Eq. (5) by using the geometrical optics form for

the beam intensity, given by

1(y,2z) IOW/ZztanO in  -ztanf<y<ztand, (6)

0 elsewhere.

In this expression, IOW is the total power in the beam, assumed to
be approximately uniformly distributed in y at each value of z. Finally, the
scattering angle ¢, given by Eq. (3) with v' = Ay, varies only slightly with
y for a beam with a small value of 6 such as we are considering. A good ap-

proximate value for ¢ is therefore the value on axis,
¢(y,8y,2) = can'](Ay/z) . @)

In the limit of the validity of these approximations the y-integration

of Eq.(") is easily carried out with the result

33

S et LU LAr

ot B as e Amenaa e .




F
AP = 2 jo dz ZIOW o[tan-l(Ay/z)] tan_léy/Zz . (8)

We now identify two cases of interest: narrow-angle scattering. associated with
scattering centers of characteristic size a4 large compared with the wavelength
(Rayleigh-Gans-Debye (RGD) 1limit) and wide angle or dipole scattering., associ-
ated with scattering centers smaller than the wavelength (Rayleigh limit). In |

the latter case we may take

1}

a(4) g(0) for TM modes , (9)

0(0)cosz¢ for TE modes

[}

a(¢)
In the former case, we have shown in Reference 1 that

222

o(#) = o(0) [1 + kZa?e217L 10

where k = 2w/A, A being the wavelength in the material.

We can now evaluate the scattered power by inserting these expressions ‘

into Eq.(s)susing Eq.(7) for ¢. The simplest case is that of Rayleigh scattering

‘ of TM modes. The differential scattering cross section is constant because the
in-plane scattering direction is always normal to the mode polarization. The
z-dependence of the integrand of Eq.(8) is that of the term t:an_1 dy/2z alone.

The value of the integral, taken between the center of the lens and the diode 4

array, is

AP = ZIOWGyo(O)ILn(ZF/Gy) . an

- This is an approximation to the actual integral. It is valid in the limit
_i:g 2F/8y>>1, which is well satisfied in all examples of practical interest.
Equation 11 does not show a dependence on Ay owing to our use of
‘ 2tan_16y/22 to describe the angle subtended by the detector. For off-axis detec-
- tors, a good approximation to the subtended angle is Gyz/(z2 + Ayz). When this
. is used in Eq. (8)in place of 2tan-16y/22, the resulting formula for scattered

power is found to be




2.1/2

(12)

AP = ZIOWGyU(O)ln[(Fz + Ayz)/Ay ]

One can phenomenologically combine Eqs.(11) and 12) to obtain an expression for
scattered power that reduces to Eq.(11)when Ay is zero, and yet does not differ

significantly from Eq.(12)when Ay is not zero. The combined expression is

b = 51 Hsyo (@) anl (P2 + v’y /(syP e + P12 (13)

This result is valid in the limit of Rayleigh scattering of TM modes.
In considering the Rayleigh limit for TE polarized light, the inte-

grand of Eq.(8)is reduced from the TM case by the factor

cosz¢ = 22/(22 + Ayz) . (14)

This factor results from the obliquity of the polarization of the scattered i
light relative to the polarization of the incident light. For on-axis scatter-

ing, the obliquity factor is unity and the scattered poweir is the same as that

given by Eq.(11) for TM polarization,

For off-axis scattering, the obliquity factor forces the integrand of

Eq. (8 to vanish near z = 0. For this reason we can take tanvlﬁy/Zz = 8y/2z in
Eq. (8 without introducing much error to the integral, even near z = 0. The re-
sult of integrating over z is exactly the result of Eq. (12) obtained for ™
polarization. We conclude that the modified expression of Eq. (13)is valid in
the Rayleigh limit for both TE and TM polarization. Differences associated with
obliquity can be determined by using the more precise substitution
tan-léy/ZZ > (ery/Z)/(z2 + Ayz) in Eq. (8),but these difference are found to -
modify Eq. 13 by a small factor of about {2 zn(F/Ayﬁ—lwhich we ignore.

We now consider the case of weak scattering centers large compared
with a wavelength (RGD scattering--later we will consider aspects of the
more general case of Mie scattering). In the RGD 1limit, the z~dependent part
of the integrand of Eq.(3)is [1 + kzaz(tan_]‘Ay/z)?']"1 tan-ldy/ZZ. Since ka>>1,
the integrand is largest for large z except for the on-axis case Ay = 0. This
suggests that we may replace the inverse-tangent functions by their arguments

except when Ay = 0. In the Ay = 0 case, small values of z make important
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contributions to the integral which are not correctly accounted for by the
small-angle approximation. If we ignore this problem temporarily, the approxi-
mate integrand has the z dependence z/(z2 + k2a2Ay2). The resulting expression
for scattered power is

2.2 2)1/2

AP = ZIOWGyo(O)zn[(FZ + k2aay /katy] . (15)

This expression is infinite at Ay = 0. However, we can replace the logarithmic
2

2Ay + 6y2/4)1/2. This is similar to the phe-

denominator kady by the term (kza
nomenological approach used in proceeding from Eq. (12) to Eq. (13). The added
term removes the infinity and gives us the correct result when Ay = 0. At the
same time it is negligible for all off-axis values of Ay that will be of inter-
est. The appropriate expression is then

2.2, 2 2

a“ Ay )/(5y2/4 + k 1/2

AP = zlowdyo(O)zn[(F2 + k aszz)] (16)

The results of Egs. 13 and 16 give the detected scattered power from
converging, SAW diffracted rays in the spectrum-analyzer configuration of Fig.
113. The same formulas may be used to calculate the scattered power from
undiffracted rays once appropriate changes for the terms I0 and Ay are incor-
porated. I7 n is the acoustooptic diffraction efficiency and Io is the dif-
fracted power Jer unit beam width, the undiffracted power per unit beam width is
IO/n. Simil-rlyv, if ¢ is the angle between the diffracted and undiffracted
beams (¢ = 3° in Fig. 13), and Ay is the value of detector position relative

to the optical axis of the diffracted beam, then
>
I IO/n .

Ay - Ftany - by , an

are the substitutions to make in Eqs. (13) and (16) to describe the detected
scattered power from the undiffracted beam. For the geometry of Fig. 13, the
value of F tany is 943 um, while the largest value of Ay is that for the +50th
detector, 400 um.
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Contribution to Scattered Power from
the Unfocused Beams

Light scattered before the lens at an angle ¢ is focused by the lens
onto the detector array at position y' = Ftan¢. (As before, we begin by consid-
ering only the contribution of the SAW diffracted beam.) The scattering angle
subtended by each detector is approximately 8y/F. The power intercepted from a
single scattering event is Ioo(¢)6y/F. Since the total number of scattering

centers in the front focal region is IWF, the total scattered power detected is

AP = 71 Wdyo(¢) (18)

The angle dependence of o(¢) is that of Eq.(9), for Rayleigh scattering, and
Eq. (10) for RGD scattering.

This expression for scattered power from the SAW side of the lens
applies to the undiffracted beam when Io is replaced by Io/n and ¢ is replaced
by %-¢. From Fig. 13, the on-axis detector receives light from the undif-
fracted beam that has been scattered at ¢ = 3°. Consequently the ¢ dependence
of Eq. (18) is not significant for Rayleigh scattering, which is wide angle,
though for RGD scattering it could result in a gradual decrease in scattered

power across the detector array.

Total Contribution to On-Axis Scattered Power

The total scattered power is obtained by summing the contributions
from the diffracted and undiffracted beams, both before and after the beams
pass through the lens. At first glance, one might anticipate that the dominant
contribution comes from the portion of the undiffracted beam scattered on the
detector-array side of the lens. The undiffracted beam is more intense than the
diffracted beam by a factor of 1/n, while scattering on the array side of the
lens is detected in greater amounts because of the larger acceptance angle of
the detector elements.

For this contribution the power intercepted by the central detector is
calculated from either Eq. (13)or (16),depending on the type of scattering, after
making the substitutions I°+I°/n and Ay - Ftany-Ay (= Ftany for the central
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detector element). We summarize the results using an approximation valid when

tany<<l, as is the case in practice:

AP = Z(Ioln)WGyo(O) (19)

2 1/2

tanzw)

x An[(1/Mtany) (1 + M 1,

where M = ka for the RGD limit (ka>>1) and M = 1 for the Rayleigh limit (ka<<l).
Taking ¢ = 3°, k = 21(2.2)/.633 ym = 21.8 umul, and 4 = 10 ym, we find that the
logarithmic term above has the value 2.95 in the Rayleigh limit and 0.0038 in
the RGD limit.

In the Rayleigh limit, then, scattering from the post-lens region is
only about three times as great as that from the pre-~lens region, where the
logarithmic term in Eq. (19) is replaced by unity in accord with Eq. 18. With
n = 10%, the total on-axis scattered power from the undiffracted beam in the

Rayleigh limit is close to \

AP = 39.5 IT_W8yo(0) . (20) 1

The numerical factor 39.5 is the result of (2.95 + 1.0)/n.
In the RDG limit, the value of the logarithmic term in Eq. (19) is small
enough to suggest that other contributions to scattering dominate that from the

undiffracted beam on the output side of the lens. The contribution from scat-~

tering of the undiffracted beam on the input side of the lens is an expression
similar to Eq. (19) except that the logarithmic term is replaced by {1 + k2a2w2]—1
(see Egs. (10) and (18)). In the numerical example chosen, this factor is found to
be 0.0076, up from 0.0038 but still small. If n = 10%, the total scattering

contribution from the undiffracted wave is

AP = 0.114 ZIOWGyo(O) s (21)

where 0.114 = (0.0076 + 0.0038)/n.

In view of this small value, let us now consider the on-axis scatter-
ing contribution from the SAW-diffracted wave. Taking the sum of Eqs. (16) and (18)
accounts for scattering generated both before and after the lens., For the cen-

tral detector, we have
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AP = IOWGyo(O)[l + 4n2F/8y1] (22) ;

The quantity in brackets is 9.88 for the parameters of Fig. 13. This is two
orders of magnitude greater than the scattering contribution from the undif-
fracted wave. This imbalance is caused by the assumed large size of the scat-
tering centers, @ = 10 pm, which results in a highly localized scattered energy
distribution. If a = 1 um, the contributions from the diffracted and undiffract-
ed beams are comparable. Similarly, if n = 17 instead of 10%, the relative un-
diffracted-beam contribution increases on order of magnitude and may exceed the
diffracted-beam contribution.

Note that the result of Eq. (22) is a valid expression for the dif-
fracted-beam contribution to scattering in both the Rayleigh and RGD limits.
Consequently it may be added to Eq. (20) to obtain the total on-axis scattered
power in the Ravleigh limit from diffracted and undiffracted beams, both before

and after the lens:
AP(Rayleigh) = 49.4 ZIOW6yo(O). (23)
In the RGDllimit, we had from Eq. (22)
‘ AP(RGD) = 9.9 XIOW6yo(0) . (24)

The numerical coefficient will always be at least as large as 1 + 2n2F/8y, con-
tributed from the diffracted beam, and it may be larger if the angular spread of
scattering is as large as the angle y between diffracted and undiffracted beams.
Generally this will be the case for Rayleigh scattering. In the following dis-

cussion we will write

o AP = QEI_WSyo(0) (25) . 4
b3

E\ where Q = 10 for the large-particle RGD limit and Q = 100 for the small-particle

o Rayleigh limit. |

e
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Calculation of Dynamic Range

The dynamic range of a spectrum analyzer is the amount that the peak
diffracted signal must be attenuated to equal the noise assoclated with scatter-
ed light. For a uniform beam of width W and power per unit width Io, the power

per unit width in the Fourier transform plane is

I(y') = IO(WZ/FA) sincz(y'w/FX), (26)

where sincz = sinmz/nz. The width of the central peak of the Fourier transform
distribution is 2FX/W. For a spectrum analyzer having the geometry of Fig. 13

F=18mmand W = 7.2 mm. With X\ = (0.633/2.2) um = 0.29 um the

width of the central peak is about 1.4 um. This is considerably less than the

5 um detector aperture. The detected power is therefore essentially the total

power in the diffracted but unscattered incident beam:

P = IOW . 27

o
The dvnamic range is

P_/ap = Qréva( )™t . (28)

The factor Q8y in this expression is somewhat under control of the design engi-
neer. Provided that scattering from the undiffracted beam is negligible, we

have
QSy = [1 + tn2F/syléy . (29)

This goes to zero as ¢y goes to zero. However, 8y = 5 um as used in Fig. 13

is probably close to the state of the art. In that case, improvement in dynamic
range is afforded by keeping F as small as possible. F = 18 mm in Fig., 13 is
also a reasonable small value. We conclude that the design of Fig. 13 is

close to optimum from the point of view of maximizing system dynamic range.
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CALCULATION OF DIFFERENTIAL SCATTERING
CROSS SECTIONS

In order to further analyze spectrum-analyzer dynamic range it is
necessary to develop expressions for the on-axis value of the differential
scattering cross section 0(0). This problem was addressed in Ref, 1 from a
rigorous point of view, though ultimately approximations were introduced that
limited the analysis to the Rayleigh-Gans-Debye limit; that is, ka>>1 and
kadn<<l, where &n is the effective index perturbation of the scattering parti-
cle. In this work we prefer to limit the rigor of the analysis but to pre-~
serve its physical content as much as possible., The objective is to produce
simple but physically sound formulas for use in predicting spectrum-analyzer
performance in a variety of scattering situations. In addition, we hope to
extend the results of Ref. 1 to include the Rayleigh limit of scattering by

small particles.

Differential Scattering Cross Sections in
the Rayleigh Limit

Figure 15 shows a schematic drawing of dipole scatters distvi-
buted throughout a waveguide laver of depth D. If we ignore the effects

22
introduced by the waveguide geometry, the total scattering cross section ié )

oy 8r/HK*® @2-1)2/ (mP+2)% (30)

where a4 is the scattering center radius, m = (n+8n)/n, and n is the refractive
index., The ratio of the terms containing m is approximately equal to
(4/9)6n2/n2 when the index perturbation satisfics é&n<<n, However, this is a
fair approximation even when the scattering centers are voids in the waveguide
layer, having n+én = 1.0 and, for Liih0j, n = 2.2, Therefore we use the

approximation for all 6n of interest, writing

6

opop = (81/3) (4/9)k*a®6n?/m? . (31)

to

The differential scattering cross section is reduced by a factor (87n/3) and

multiplied by the polarization factor c052¢, where /2-¢ is the angle between
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the scattering direction and the incident polarization. 1In the problem we are

considering, that of in-plane forward scattering, ¢ = 0° and we have

0y = 4/9)k*a®sn?/n? (32)

di

as the relevant differential scattering cross section. Note that %tot and

Y4if both have dimensions of area, whereas o(0) of the previous subsections had
dimensions of length. This disparity will be remedied when we take into account
the reduced dimensionality of the waveguide geometry.

For a single scattering center, the amount of light scattered into a

solid angle Al is

AP = (IO/D)cdi[AS: , (33)

where D is the waveguide depth and IO/D is the appropriate power per unit cross
sectional area in the waveguide layer. We arc interested in the solid angle
subtended by a waveguide detector. Since light scattered into the substrate

is presumed not to be detected, we need consider only solid angles that are
hounded by the acceptance angle of the waveguide. This angle, 46, is defined

by Fig. 15 aud is found using Snell's Law to be given by

AB = 2(2An/n)1/2 . (34)

where An is the index perturbation of the waveguide, assumed small in compari-
son to the substrate index n. If the detector subtends an angle A¢ measured

in the plane of the waveguide, the included solid angle is AQ = AOA¢, or

AN = 2(2An/n)1/2A¢ . (35)

The detected power is obtained from Eq.(33):
AP = 26(1 /DYo,. (26n/n) /Zas (36)
o dif

A factor f has been added to account for the fact that only a fraction of rays
emitted within the acceptance angle of the waveguide is trapped in waveguide
modes,

By comparison with Eq. (1), the in-plane differential cross section

to be used in the previous formulas of this section is




/2

5(0) = 2£(0,../D) (28n/n)L/% . (37)

dif

This has the correct dimension of length. Eq. 28) for dynamic range depends on
the product Zo(0) where I is the number of scatters per unit waveguide area.

If p is the volume density of scatters in the waveguide, then ¥ = pD and

_ 1/2
o (0) = podif(ZAn/n) (38)
We have, for simplicity, taken f = 1/2, Eq. (38)can be cast in terms of the
attenuation coefficient of the waveguide, a = PO, p» USING Oy 0 = ctot/(Sn/3).
We find for the spectrum analyzer dynamic range,
P /oP = (Qdy(3/8ma(2an/m) /217 (39)
For Q = 100, 8y = 5 ym, « = 1 dB/em, An = 0,007 and n = 2,2 we find
PO/AP(Rayleigh) = 39,6 dB . (40)

If waveguide losses can be reduced to 0.1 dB/cm, the dynamic range improves to
nearly 50 dB. This result is very encouraging, but is is based on the assump-
tion that only Rayleigh scattering exists in the waveguide. Other scattering

present can degrade the level of performance, as we now discuss.

Differential Scattering Cross Sections
in the Rayleigh-Cans-Debye Limit

We consider scattering centers which are much larger than a wave-
length (Mie scattering), yet which are optically soft (RGD limit). This
means that the field inside the scattering center is essentially the same as
the incident field, and the effect of the scattering center is simply to
perturb the wavefront of the incident light by an amount small compared to a
wavelength, These requirements are satisfied when ka>>1 and k°a6n<<1, where
8n is the index perturbation associated with the scattering center.

Figure 16 defines the geometry of the problem we are considering.

ikonﬂ(zo-a/Z) is the incident wavefront, the wavefront at the trailing

If A e
o

edge of the scattering center is
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z°+a/2

A= A exp {ikong(zo-a/2)4-ikojdzng(y,z)} . (41)
z°~a/2

where ko = 2v/Ao, AO is the free-space wavelength, and nr(y,z) is the perturbed
mode index in the scattering region. If we take ng(y,z) = ng + 6ng(y,z), the field

may be written
z°+a/2

A=ae kgng (2 ¥a/D gy lexp ik [dzén (y,2)) = 11} . (42)

2 ~-af2
o

The term in square brackets describes the perturbed wavefront. Its variation
along the y axis depends on the shape and index of the scattering center and
in general will be quite complicated. To keep the analysis simple and vet

preserve its important features, we take 5ng(y,z) to be a rectangular function,

dn = constant for zo-a/2<z<zo+a/2

y,~a/2<y<y +al2

Gng = 0 elsewhere. (43)
We also assume koa6ng<<l. The perturbation field is then
A=Ae 1k(zo+a/2)1'.k adén in y —a/2<y<v +a/2,
- [s] o & (8] O
! = 0 elsewhere. (44)
vﬂ.’? The scattered field in the far zone is obtained through a straightforward
.
s application of Fraunhofer diffraction theory:(ZB)
= ik(z,+a/2) . -1/2
N = [o] -
o A(y,z) Ae 1koa6ng[1x(z z )]
» al2
} - i iky' 45
elkr [ oiky ¢dy'. (45)
-a/2
v The parameters of the problem are defined with respect to Fig. 17: (v,z) are
E - § the coordinates of the observation point, and are such that Nige I z>>z 3 is
IR
' 46
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the distance of the observation point from the scattering center and ¢ 1is the
scattering angle, assumed to be small, The integral in Eq. (45) has the value
a sinc(a¢/2), Finally, the distance r is given by

r = R-y sin¢-z cos¢ , (46)

where R is the distance of the observation point from the origin of coordinates.

Using these results to substitute in Eq. (45), we have, in polar coordinates,

/2

A0 = a2 ik o stne(as/n)

e—ikyOSin¢+ikzo(l-c08¢) . 47)

The last term on the right contains phase information associated with the
location of the scattering center. The other terms are common to all scattering
centers in the scattering region. We may replace A(R,¢) by the field Ai(R,¢)
for the ith scattering center located at coordinates (yi,zi). The total

scattered field is then

E(R,9) = TA,(R,$) (48)
1

and the scattered intensity is proportional to

EE* = Aoz(koa26nx)2(kz)-lsinc2(a¢/\)S(J) :
s(e) = IZe—ikyisin¢+ikzi(1-cos¢)l2 (49)
The summation term may be written
S(4) = N+2 e~ik(yi—yj)sin¢+ik(zi—zj)(1-cos¢) ‘ (50)

i#]

where N is the total number of scattering centers. The maximum value is S(0) = N

However the terms in the sum will begin to add incoherently at angles for which

the maximum values of k(yi-yj)sin¢ or k(zi—z ) (1~cos$) approach unity. Since

3
this will occur at angles comparable to or less than ¢ = 1/kW, the beam diffrac-
tion angle, the coherent contribution to scattering cannot be resolved experi-

mentally. At larger values of ¢ than 1/kW, the exponents of some terms in Eq. 50

48

2




are large and the value of S(4) quickly falls toward an average value of N.
Coherent addition could occur at nonzero values of ¢ if the scattering centers
were arrayed in a periodic lattice, but for random scattering center locations
we have not been able to observe even partial evidence of coherent scattering
when the sum of Eq. 50 is generated on a computer. Nor have we observed any
enhanced scattering at nonzero scattering angles in our experimental work.

This does not mean that S(¢) exhibits no significant fluctuations with
¢. Consider a short scattering path length L so that

S(¢) = N+I 2cos[k(y;~y.)sing]l | (51)
i>] J

We have cast the sum in terms of the real-valued cosine function and thereby
reduced the number of terms to (N2-N)/2. For a given value of sin¢ = ¢>>1/kW,
at least some arguments of the cosine functions in Eq. (57) will be large com-
pared to unity. If we assume that the arguments populate the interval O<arg<
(kWsin¢>>1) in a manner which is uniform and random, the cosine function assigns
to each argument a positive or negative number in the range O to 1 or 0 to -1
with approximately equal probability. We simplify the problem by averaging the
values of the cosine function in these ranges, so that each term in the sum is
taken to have the value +4/m or -4/m. This reduces the problem to that of the
well-known random walk in one dimension. We have (NZ—N)/Z terms that are
valued either +4/1 or -4/m in a random fashion, such as might be determined by
flipping a coin. The average value of such an ensemble is 0. Hence <S(¢)> = N.
However, statistical fluctuations are such that values on the order of S(¢) =

Ne 2Ny 721172

tuates between S+ = N(142

might well be observed at typical values of ¢. Thus, S fluc-
_1/2) and S_ = N(I—Z—]/z) for large N. The ratio
S+/S_ = 5.83 shows that fluctuations in the scattered signal about the average
could easilv amount to 7.7 dB.

Let us define NR(¢) to be the randomly fluctuating component of S(4),

so that
S(¢) = N[1+R(4)] . (52)
When this relation is substituted into Eq., (49). we have

2

BE* = A, NGkoa’on )2 02) Fsinc? @o/ ) [14r()] (53)
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The ¢ dependence of scattering is contained in the final two terms. The
average variation of the scattered intensity is contained in the sincz(a¢/x)
term. However this function itself has structure that results from our
unphysical assumption of a single particle size a for scattering centers, when
a distribution of sizes is more realistic. The envelope of the sinc2 function
would therefore appear to be a more physically meaningful quantity in Eq. (53)
The envelope has a value of unity at ¢ = 0 and a value near (wa¢/A)_2 at large
¢. A Lorentzian distribution, [l+(ﬂa¢/A)2]_l, has both these fu?ﬁsions. In

fact, the derivation of Ref. 1, based on the approach of Marcuse and very
different in spirit from the derivation here, shows a Lorentzian variation
with ¢, namely [1+(2wa¢/k)2]-1. Note that the coefficient of ¢ is a factor of
two greater than that obtained using our heuristic analysis. The discrepancy
originates in the statistical treatment used in Ref. 1 to account for the ran-

dom distribution of scattering centers. The same treatment results in a scat-

tered amplitude twice that found in Eq. (47). Incorporating both these features

to preserve consistency with Ref 1, we have

S AAOZN(kOaZ(Snp)z()\z)—lL(ka(b)[1+R(¢)]

L(kag) = [1+(kag)’]L . (54)
This expression is readily converted into experimental intensity
parameters using the relation Iscat/Io = EE*/AOZ. If the scattered light is
measured using a detector of width 8y, the detected power is AP = Iscatéy =
IOEE*Gy/Aoz. From Eq. (54) we have
AP = 4 2 2 -1
ION(koa Gng) X T (8y/2z)L(kad) [14R(¢) ] (55)

The term (8y/z) is just Aé, the angular acceptance of the detector, while N,
the number of scattering centers, is YLW, where L and W are the length and width

of the scattering area, respectively. Making these substitutions in Eq.(55),
we find

AP = ILWI_o(¢) 8¢

a(e) = (2/m)"In ko3a"‘5ngzn(ka¢)[1+nc¢)]
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The latter expression is the differential scattering cross section in the
Rayleigh-Gans-Debye limit.

Let us use the results of Eq. (56)to estimate the dynamic range of a
spectrum analyzer. The formula is that of Eq. (28),with Q = 10 for the case of
RGD scattering. As a worst-case situation let us take I = a-z; that is,
scattering centers are contiguous, There is no space between them, Further,
let us take 6y = 5 umy, a = b = 10 ymy, n = 2,2, ko = 2n/0.633 uym, and ¢ = 0 = R(0).
The resulting on-axis dynamic range is

P/AP = 1.46 x 10’7anrf2

(]

(57)

To achieve a 40 dB dynamic range or better, it is necessary that Gng £0.38 x 10-5.

This is to be compared with An = 10_2 for the index change at the surface of

LiNbO4 Ti-diffused waveguides.

Calculation of 6n2

Thus far we have made no assumption about the origin of 6ng. Hence we
cannot comment on its magnitude. In this subsection we calculate Gng in terms
l of waveguide and scattering parameters for several physical models of scattering

beginning with surface roughness,

Surface-Roughness Scattering., We model the effects of surface roughness

on scattering by considering the rough surface to be associated with a randomly

fluctuation waveguide thickness D. If ng(D) is the effective mode index, the rms

g associated with a surface having rms roughness o is

ff! sng = (3ny/aD)o - (58)

fluctuation of n

> s Our problem reduces to an analysis of the waveguide dispersion equation to obtain
a formula for 3ng/aD in terms of ko, An = n,=n,, and D, where nl(nz) is the sur-
face (substrate) refractive index.

= Let us base our discussion on the analysis of Hocker and Burns for

diffused optical waveguides.(ZA) They derive a set of universal curves which

relate a normalized mode index

2

b= (n gz-nzz)/(nlz-nz ) (59)
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to a normalized waveguide depth,

2
n

1/2
2 )

2
V= kon(nl - (60)
The desired quantity is
ang/an = (ang/ab)(ab/av)(av/an) . (61)

The second term on the right, 3b/3V, is just the slope of the universal curve,

while the third term is

_ 2 2.1/2 _ 1/2
3vV/aD = ko(n1 -n, ) = ko(anAn) (62)
The first term is obtained by inverting the derivative of Eq. 59:
oan /3b = (n Z-n 2)/2n = An (63)
g 1 2 g )
Consequently, Eq. 61 reduces to
1/2
8ng/3D = koAn(ZnZAn) (3b/3V) ) (64)

To complete the solution to the problem, one works from a knowledge of waveguide
fabrication procedures to select the appropriate universal curve b(V) and the
correct operating point b = b(Vo). The slope of the curve at the operating
point b'(VO) is inserted into Eq. (64)to specify the derivative Bng/BD. Using
the universal curve for a Gaussian index profile, and taking V0 = 4,45, the
largest value possible for a single mode waveguide, we have 3b/3V = 0.10. With
k, = 21/0.633 ym, ng = 2.2 and bn = 0.007, the derivative on /3D is 1.23 x 1077
A-l. The largest value of the derivative for a single-mode guide occurs with

V = 2,70, and is only 2.6 times the above value. We have measured the slopes
used in these calculations directly from a set of universal curves provided in a
preprint of Ref. (7) obtained from the first author. It appears that values of
Sng on the order of 10_5 can be obtained with surfaces as rough as 100 R rms. ,
Using Eq. 57 for dyné?ic range in conjuncticn with our result Gng = 0gl.23 x 10
R‘l, we find o = 31 A associated with a dynamic range of 40 dB. This,

however, is not a particularly good polish. An average polish having o = 10 X

o
is consistent with a dynamic range of 50 dB, and a 3.2 A surface roughness is

consistent with an 60 dB dynamic range. These results offer encouragement with

i




regard to the possibility of reducing surface-roughness scattering to negligibly
important levels.

Before moving on, we present a derivation of Gng = o(Bng/BD) for a
strongly asymmetric slab waveguide. For strong asymmetry the superstrate
index n is not close to n, or m, in magnitude, As a result, terms dependent on
n  can be eliminated from the model dispersion equaticn., For TE modes, the

dispersion equation can be simplified to

vV = —(l-b)_l/ztanml(b'-l—l)]'/2 . (65)

The derivative of this equation with respect to V is

1= (1/2) (db/av) (1-b) Lo~ 2 (1) 2ean 1~y 12y (66)

The last item in brackets can be replaced by its equivalent, V, using Eq. (65).

Combining this result with Eqs. (61), (62), (63), and (58), we obtain
Sn_ = ko 28n(20,40) 2 (1-b) (b) /2

-1

x[koD(anAnb)1/2+l] 67)

One may wish to insert this result directly into Eq. (56) to obtain an expression
for differential scattering cross section (¢) in terms of waveguide and rough~
ness parameters alone. Such an expression was derived in Ref. 1 using a more
rigorous approach. If the two agree, it adds credence to the present results.
We begin with Eq. (%) of Ref. 1 and insert the results of Egs. (9),(23), and (20) of

that reference to obtain

2
ap/ds = P(2n/80) (k */167%) (n, %-n %) o%E_*(0) (8, /200 P)*

x4Na*H ($) (68)

In our current notation, we have replaced P by I0 on the right hand side above,
where Io is power per unit waveguide width. This is done to avoid confusion
with dP, which was and is an increment of power. Also Bo = ngk0 = nzko is

the magnitude of the wavevector of the waveguide mode, My is the vacuum
permeabilitv, w is 2mv, v is the optical frequency, EO(O) is the waveguide field

at the surface, and N = ¥LW is the number of scattering centers. Our current

53

» ey

N e e e—i




definition of the differential scattering cross section is
o(8) = (1_5Lw) "} (dp/do) (69)

This is different from that of Ref. 1 by the inclusion of the scattering center
density I in the denominator. Eq. (68)gives us the information necessary to
write an expression for o(¢). However, it is useful to first express the field
at the surface EO(O) in terms of physical waveguide parameters.(zs) For the
strongly asymmetric waveguide we are considering, the field is approximately

given by

8. 2(0) = 4(1-b) (a2 B an 1 /8 kb (20 j0m) ¥

x(Vbl/ 2+1)'l . (70)

Using Eq. (67), this result may be rewritten as

EOZ(O) = (wuoIO/BO)Z(nlz-noz) (6n,/5n) (2n,n) (71)

Upon inserting this expression into Eq. (68) and then inserting Eq. 68 into
(69), we find

g(0) = (z/n)n2k03a4sng2 (72)

This agrees with our heuristic result of Eq. 56. We conclude that the deriva-
tions of this section are theoretically sound. In particular, the critical
assumption that the effect of large scattering centers can be expressed in

terms of the mode index perturbation 6ng appears correct.

Volume Scattering. In this subsection we consider first the model

for large volume scattering centers that was introduced in Ref. 1. The scat-
tering centers are assumed to have an index different from their surroundings

by an amount én.
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This model for volume scattering might be expected to describe fluc-
tuations in the Ti concentration or in the stoichiometry of the host LiNbO3
material. One source of scattering that we have considered is that of gaps
in the waveguide layer caused by dust particles trapped beneath the Ti film

prior to diffusion.(l)

At the high temperatures of diffusion, these may explode
and effact the removal of Ti from the surface, leaving a void in the waveguide
Ti distribution,

In this case n, =n, in the vicinity of the scattering center; that

is, there is no waveguide (we ignore outdiffusion). We have
Gng = ng—n2 = bAn , (73)

By combining Eq. 56 with Eq. 28, and taking Q = 10, n = 2,2, ky, =

2n/0.633 um, and Gng = bAn, we find that the on-axis dynamic range is given by

P/8P =1.46 x 1077 um?/a%s b2an? (74)

We will take @ ~ 1 pm as the largest dust particles which are difficult to
locate on a surface and difficult to remove because of electrostatic forces.
Similarly, we will take bAn = 0,003 as the largest value of the index
inhomogeneity associated with Ti gaps in the waveguide. Then for a 40 dB

-2
dynamic range we find a density of scattering centers of ¥ =162 mm ~,
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This is a rather dirty surface, probably not encountered in careful
practice. If I is reduced two orders of magnitude to a more reasonable level of
1.6 mm-z, the dynamic range is increased to 60 dB, If I = 0.2 mm-z, while
@ = 3 um, the dynamic range is 50 dB. We conclude that scattering from Ti gaps
in the waveguide is not likely to impair spectrum-analyzer performance provided
care is taken in waveguide preparation.

Other volume scattering centers discussed in Sec. III had to do with
the occurrence of the separated phaselLiNb308 and Li-Ti-~0 compounds like

4,7
Li,Ti,0, during waveguide fabrication. The index of refraction associated with

thiseas;ecies is likely to differ by én = 0,1 or more from that of the host
species, This is generally too large to qualify as RGD scattering, and will be
treated later as Mie scattering.

However, if the scattering centers are confined near the waveguide
surface to within a depth zo<<D, the effective index is likely to be reduced from
én bLecause of the poor overlap with the waveguide electric field.

From the discussion following Eqs.(2) and (6) of Ref. 1, the scattering

parameter ng of that reference is calculated from

Zo

ng = (konz/ZquIO)anén £ don

2(Z) (75)

where z is the depth of the scattering inhomogeneity and Eo(z) is the normalized
electric field. We have been considering z, = a>>D, the waveguide depth. In
this case ng = 2n26n results from replacing z, by » in Eq. (75). For the case

we now consider, z°<<D and

2,-1

no = (26/D) (4nyin) (n 20 %) 12

2n,6n{Vb /bl 241y (76)

In deriving this result, we have approximated the integral in Eq. (75) as

zoEoz(O), where EOZ(O) is given by Eq. (70). For cases of interest, V = 3 and

b = 0.2, the quantity in square brackets above is about 1/2 in value. Use of this
simplification along with n, = 2.2 and An = 0,007 gives us

_ -3
n, = 8.0 x 10 (zo/D)2n26n . (77
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In other words the scattering perturbation is reduced by a factor 8 x 10_3
(zo/D) from the case zo>>D. We can write this result as
-3
Gng = 8.0 x 10 (zo/D)Gn, zo<<D . (78)

Taking én = 0.1, z = 0.3 ym and D = 3.0 um, we have Gng =8 x 10-5. Inserting
this result into Eq. (57), we predict a dynamic range of only 14 dB. This re-
sult assumes that we are dealing with contiguous scattering centers of 10-um
size. The dynamic range increases to 24 dB for 3.2 um scattering centers. Note
that Sn should be taken to describe fluctuations in the high index layer at the
surface, since a uniform high index layer would produce no scattering. Since
this layer is presumed to result from compounds having 6n = 0.1, we should
really insert the variation 8@n) into Eq. (57). The value §{8n) = 0.01 would
increase the dynamic range by 20 dB to the vicinity of 40 dB, depending

on scattering center size.

Nevertheless, this scattering mechanism has to be considered important.
Experimentally we have verified its presence by measuring improvement in our
waveguides upon polishing the surface following the diffusion process.(l)

In order to complete our study of RGD volume scattering centers, let
us now consider the possibility of scattering from Ti concentration fluctuations
that occur as a result of the statistical nature of the Ti-film deposition and
diffusion process. These cannot be avoided regardless of care taken in wave-
guide preparation. A 200 ; Ti film diffused to make a 2 um deep waveguide will
have an average concentration in the material of ¢ = 5.7 x 1020 cm-3. If we
consider a surface area of a2, the average number of Ti atoms within that area
is <N> = caZD, where D is the diffusion depth. The standard deviation in that

1/2 = (CazD)l/z. The corresponding fractional variation in

2 -
the number of Ti atoms in each cell is <N>1/~/<N> = (cazD) 1/2. Accordingly,

number is about <N>

if 4n is the index change associated with the average Ti count, then én =
Av(cazr))~1/2 is the index change associated with statistical fluctuations in the
Ti count in each scattering area az. This quantity is to be inserted into the
expression for scattering cress section, Eq. (56).

Although it appears rather unphysical that én depends on the arbitrarily

chosen size of the scattering area, a, this dependence cancels out of the product
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2o (¢) upon which all measured quantities depend. This occurs because
o(¢) = a46n2 and I = a”2 for adjacent scattering areas of size a. We find

from Eq. (56)
3.2
Ta{0) = (2/m) nko MS/cD . (79)

When this result is inserted into Eq. 28 for dynamic range, we find POIAPo =
79.3 dB. In performing the calculation we have utilizied Q = 10, 8y = 5 um,
n=2,2, ko = 21/0.633 um, An = .007, and D = 2 ym, The result shows that
scattering from statistical fluctuations in the Ti concentration is not likely

to be a factor limiting spectrum-analyzer dynamic range.

Calculations of Waveguide Attenuation. Since we have calculated the

spectrum-analyzer dynamic range associated with surface roughness and volume-

scattering centers in the RGD limit, it is interesting to estimate what those
mechanisms imply regarding waveguide attenuation. 1In Eq. (40) of Ref. 1 we
present expressions for the attenuation coefficient associated with surface
roughness and volume scattering. (A factor 6n2 has been inadvertently omitted
from the expression for volume scattering.) Moreover, these expressions are
proportional to EO(O)Z, the square of the waveguide field at the surface. The
formula for EO(O)2 given in Eq. (24) of Ref. 1 should be replaced by Eq. 70 of
this report. The result is the addition of a factor [Vbl/Z/(Vb1/2+l)](1—b) to
the formulas for the attenuation coefficient. This factor shows the dependence
on waveguide modal characteristics, but for cases of interest, V =~ 3, b = 0.2,

the added factor is close to 1/2 in value. Incorporating this factor into the

results of Ref. 1, Eq. (40), we have

: - 2,172 2 22 1/2
4 & urf o (2/3n )n2 Anta kO o /D(koa)

o 2. 5/2, 2 2.-3 2.2 1/2

) a 1 ® (2/3n )n2 (nl -n ) “Anta“én /D(koa) . (80)

o =2 o2

For surface roughness, the parameters L = 10 um ~, @ = 10 um,

i An = 0,007, ko = 21/0.633 ym, D = 2,55 um, n, = 2.2, and 0 = 31 A were found to
| provide a 40 dB spectrum-analyzer dynamic range. When inserted into the first
: ) of Eq. (80), the same parameters provide

|
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a = 1.1 x 10‘3dB/cm (81)

surf

For volume scattering centers, parameters for 40 dB dynamic range
include Z = 6 mm—% én = 0.003, and @ = 3 ym. If in addition An = 0,007,
n, = 2,2, and D = 2,55 um, we find from the second of Egs. (80)

~ -10
a 1= 1.0 x 10 ~"dB/cm (82)

The tremendous reduction relative to the attenuation from surface roughness
comes primarily from a 103 reduction in I and a 103 reduction in the value of
6n2 relative to the value of (koo)z. The result emphasizes a conclusion
reported in Ref. 1: that volume scattering centers are efficient generators of
in-plane scattered energy, while surface roughr~ss scattering centers are
efficient generators of out-of-plane scattered energy. However neither mecha-
nism produces much scattering of either type if the calculations of this section
can be relied on. Reported levels of attenuation in LiNbO3 waveguides(zs)may

well reflect intrinsic absorption losses and scattering from other sources than

the RGD scatters considered here.

Differential Scattering Cross Sections in
the Mie Limit

In Section II we described several types of scattering centers that
do not appear to be well described by Ravleigh scattering, because of their
potentially large size, or by Rayleigh-Gans-Debye scattering, because of their
large refractive index difference from their environment. We will use a simple
but attractive analysis to predict the scattering cross section for these
Mie scattering centers, We assume them to be large in comparison to a wave-
length, so that a beam of light passing through them is subject to Snell's law i

of refraction., If the typical radius of curvature seen by an incident wave-

guided beam is a, an approximate application of the lens-makers formula(27) .
suggests that the output beam will focus at a distance i
R = af28n (83)

At distances much greater than R, the half-angle of divergence of the beam is

given by
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0 = tan—la/R ~ tan 126n . (84)

In the waveguide geometry, most of the light emitted into the upper part of the
light cone 1s reflected from the waveguide surface into the substrate, doubling
the intensity in that region. At a distance r>>R,a from the scattering center,
the area subtended by the light cone in the substrate is a semicircle of radius
rtanOdiv = 2rén., The area of the semicircle is A = 2nt26n2. If the power
scattered by the inhomogeneity is equal to the power intercepted,

APtot ] ZIoa R (85)

the power per unit area in the scattered beam is

B 2 2
APtot/A = Ioa/“r Sn . (86)

The effective area covered by a waveguide detector at a distance r is Ad = rzAQ
where Al is the solid angle subtended by the detector, given in terms of the
waveguide acceptance angle by Eq. (35). We find

Ay = 22 2an/n)H 2ag (87)

where Ad is the angle subtended by the detector in the plane of the waveguide.

The power intercepted by the detector is

AP = AP Ad/A = (l/n)(ZAn/n)l/

2
foc Z(Ioaflén")A¢ : (88)

As before, a factor f is introduced to account for the fact that not all rays
scattered within the acceptance angle will be trapped in waveguide modes: f is

the fraction trapped. The differential scattering cross section is

a(4) = AP/T_Ap = (1/n)2an/o)H 2ae /a0t . (89)

Actually light is scattered only in the range _Odivi ¢ i-+odiv bounded by the

light cone. Outside this range ¢(¢) = 0. For &n = 0.1 the range is zodiv = 22.6°,
This is intermediate between Rayleigh scattering and Rayleigh-Gans-Debye scatter-
ing. However, the angle is large enough relative to the scattering angles

important in the spectrum-analyzer application that the problem may be treated
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as we treated Rayleigh scattering; that is, the dynamic-range equation is

-1
PO/AP = {QLo(0)é8y] s (90)

where the geometric factor Q 100 as for Ravleigh scattering., Also taking

Sv = 5 um, and inserting Eq. (89) into Eq. (90), we find
P_/AP = [(500 um) (1/1) 28n/n) Y 2zagron®1™t (o1)

This formula may be expressed in terms of the waveguide attenuation coefficient.
If we ignore the power trapped in waveguide modes in comparison to the total

power scattered, the power lost to the waveguide over a path length L is

= ) r J
Aplost -Iod LW . (92)

The attenuation coefficient is

a = APlost/(IOW)L = 2na . (93)

Substitution of this result into Eq. (91) vieclds
-4 _, 2.1
PO/AP = [1.46 x 10 «f/8n") . (94)

where we have used An = 0.007 and n = 2.2 to obtain the numerical coefficient,
and where a is given in dB/cm.

The largest values of én that we might be expected to encounter
cxperimentallv are én = 2,2-1.0 = 1,2, for pits in the waveguide surface or
subsurface voids, and én ~ 0.15 for the separated phase LiNb30851)Li—Ti—O
compounds formed during the diffusion process are also likelv to have 6nx0,1,
Smaller values of 8n are treated using RGD theorv.

Taking « = 0.1 dB/em, f = 1/2 and Sn = 0.12 in Eq. (94) we find
PO/APO = 33 dB. This is among the smaller dvanamic ranges we have calculated
vet. The condition o« = 0.1 dB/cm could result from scattering centers as small
as 1 um and densities as low as 1 mmgz. Such small, digpersed scattering
coenters might be difficult to locate despite their large index changes. Thus

it is well to consider them as relevant to the spectrum-analvzer dynamic range

problem.




CALCULATIONS OF SCATTERING AT 90°

Thus far we have emphasized forward scattering because it is this
component that will limit spectrum-analvzer dvnamic range. However, forward
scattering i{s difficult to study experimentallv because of the presence of
the unscattered beam and of scattered light from optical components of the
beamforming svstem. The observation of scattering at 90° is useful as a
means of circumventing these complexitices.  However, it must be remembered
that of all the tvpes of scattering we have discussed only Rayvleigh scattering
of T modes will have a large differential cross section for & = 90°,

Let us consider the experiment shown in Fig. 18 in which in-plane
scattered light at ¢=90° is coupled out of the waveguide and viewed by a dark-

adapted eye.,  The power into the eve is
g AP = PrLo(n/2)nAd . (95)

where P ois the power in the waveguirde. 1. is the Tength of the beam path contri-

buting to the observation, A is the angle subtended by the dilated pupils of

the obse :ers eves, and n is the output coupling cfticiency of the prism I
{ located between the scattering area and the observer. 1
15

We will take AP = 10 W to be the threshold of vision. This number
is based on physiological studies and its derivation is presented in Appendix A.
Then we can substitute appropriate values for P, I, n, and A¢ and determine the
smallest value of Yo(n/2) that will produce a visual effect. The experimental

parameters are P = 2 X 10—4 Wy, I, =1 cmy n & 0.1 and

B Ab = d/pn= 7.6 x 1070, (96)
where d = 5mm is the pupi! aperture, D = 30 cm is the approximate viewing

] distance, and n= 2,2 js the refractive correction necessary to account for the

Snell's-law-associated increase in the scattering angle upon leaving the wave-

»
{
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guide and entering free space. These values indicate ;

‘ Ta(n/2) > 6.6 X 10_11 um“1 (97)
K
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Observation of scattered light at 90°,

Fig. 18.
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for a visual effect.

For Rayleigh scattering of TM waveguide modes, Zo(n/2) = Ectot(3/8ﬂ),

where %ot is the total scattering cross section and zotot is the attenuation
coefficient, a. We thus find
o > 2.4 x 107 dB/cm = 0.024 dB/km (98)

in order for scattering from dipolc sources to be observed at 90°. This is

two orders of magnitude better than the current attenuation levels found in the
best optical fibers.

The reader may have alreadv anticipated that in the experiment we
performed, no light was detected. Even if our crude calculations are in error
by two orders of magnitude, the result suggests that a negligible level of
dipole scattering is to be found in LiNbO3 waveguides. If the attenuation
coefficient of Eq. (98) is inserted into Eq. (39), for example, we predict a
spectrum analyzer dynamic range in excess of 110 dB.

Let us now consider RGD and Mie scattering centers, which are large
in comparison to wavelength. Our derivations of scattering cross sections for
these types of scattering centers have made use of their refractive properties.
This has led to the result that scattering is concentrated in the forward or
near forward direction, with o(n/2) = 0. lLet us now consider the scattering
contribution caused by reflection from these scattering centers. We take the

total scattered power as equal to the intercepted power times an average

reflection coefficient. The later quantitv depends on the interior index of

the scattering center, on its shape and on the optical polarization. For

normal incidence the reflection coefficient is [én/@2n + (Sn)]2 and for grazing

incidence it approaches unitv. wWe will take Snz as an average value. We

LN further assume that the reflected power is distributed uniformly over a solid

angle of 471, The solid angle encompassed by the detector is ACA$, where i
AQ = 2(2An/n)1/2 1

is the acceptance angle of the waveguide. 1If a fraction f of

light reflected within the acceptance angle of the waveguide is trapped in

waveguide modes, the detected power is

¢ AP = (ZIOaSnz)(1/4n)2(2An/n)1/2A¢f . (99)
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The differential scattering cross section for light scattered in plane

at an angle ¢ = 90° is

2, (100)

5(4) = (AP/1_A9) = abn’f (28n/m)"
Inserting this result in Eq. (97), first taking f = 1/2, An = 0.007, and n =
2.2, we find that

zasn? > 0.52 x 10710 ™t . (101)

must be satisfied to produce visible Mie scattering at 90°.

For the case of weak RGD scatterers confined near the waveguide
surface we assume that most of the reflected radiation remains trapped in the
waveguide mode. This results in an expression for scattering cross section
similar to that of Eq. (100), except that the product f(2An/n)1/2 does not
appear. The corresponding inequality
1T -1

fa 6n§ > 0.2 X10 " um (102)
must then be satisfied to produce a visible scattering effect at 90°,

Consider first a densc system of RGD scattering centers, such as

curface roughness. described by & = a 2, a = 10 ym and o = 30 A. This is

3.7 x 10°%. we

il

found to produce a dyvnamic range of 40 dB and a value ng
find Xaéni = 0.14 x 10-11 um']. Considering the limitations of the calcula-
tion the observation of visible scattering at 90° is marginally possible. For
the case of LiNb,O, or Li-Ti-0 compounds near the waveguide surface, the

238

parameters = a ~, a = 10 um, (zo/D) = 0.1, and 8(&n) = 0.01 produce 34 dB
dvnamic range and Zaénz = 0.6 % 10—1] um—l. A visible scattering effect is
again marginally indicated.

Next consider scattering that might result from gaps in the waveguide
caused by dust trapped beneath the Ti film prior to diffusion. We found that
a=3.2uym, I =15 mm-z, and én_ = ]0-3 produced a spectrum-analyzer dynamic
range of 40 dB. The same parameters are associated with the product Za&n2 =
4.8 x lO-11 um—l. Again, a visible scattering effect at 90° is marginall§

indicated.
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Next consider the scattering situation where a =10 ym and én = 0.1,
such as might be associated with separated LiNbO3 phases or lithium titanute
compounds. The scattering centers are not assumed to be confined near the
waveguide surface. A density of I = 0.1 mm2 is found to lead to a spectrum
analyzer dynamic range of about 34 dB. For the same parameters we find

rasn® = 1078 e . (103)

This is 200 times greater than the value from Eq. (101) required fcr a visible
scattering effect at 90°, If Ta is reduced accordingly to provide consistency
with our null scattering observation at 90°, the spectrum-analyzer dynamic
range is predicted to increase to 47 dB. However, we are now dealing with
scattering center densities so low that individual scatterers can be avoided
in experiments by careful selection of optical beam paths. This is not found
to be the case in practice. We conclude that our null observation of scatter-
ing at 90° is an argument against the existence of Mie scattering by islands
associated with LiNb3O8 and Li-Ti-0 compounds.

Finally, consider scattering at 90° by large polishing imperfections,
such as pits in the surface as subsurface voids, both having én = 1, If a =1
and ¥ = 1 mm_z, corresponding to a = 0.086 dB/cm and a spectrum-analyzer
dynamic range of 45 dB, we have

zasn® = 1070 um ! . (104)
This is 20,000 times the value required for a visible scattering effect at 90°.
This is a strong indication that this type of scattering is not important in
practice. We conclude that our null scattering observation is most consistent
with RGD scattering from surface roughness, surface compounds, and gaps in the
waveguide Ti distribution. Rayleigh and Mie scattering mechanisms are least

consistent with our observation.

SUMMARY

In this section we derived equations for spectrum-analyzer dynamic
range in terms of spectrum-analyzer design, scattering-center density, and

scattering-center cross section. Then we considered various models for
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scattering centers and calculated cross sections based on those models. This
has enabled us to predict which scattering mechanisms are likely to be of
greatest significance in limiting spectrum-analyzer dynamic range. Our results
are dispersed throughout the section, so it is appropriate to summarize them
here. This is done in Table I.

Only the entries in the last column of Table I may require explana-
tion. These are ratios of calculated power scattered at 90° to the estimated
minimum detectable power for a human observer, 10-15 W. Values of this ratio
greater than unity indicate that the scattered light should be sufficiently
intense to produce a visual effect. Values less than unity are consistent with
our opposite experimental result. However, the calculation is so approximate
and the experiment so qualitative that we suggest that ratios as large as
several hundred may be compatible with our observation.

On this basis, all scattering mechanisms listed in Table I are
candidate mechanisms except for Rayleigh scattering from defects smaller than
a wavelength and Mie scattering from surface or subsurface polishing imperfec-
tions. Mie scattering from islands of LiNb3O8 and Li-Ti~-O compounds that are
large or comparable to waveguide thickness are possible limiters of dynamic
range to values less than 40 dB; however, the size and index of these islands
would make it likely that they could be scen with a microscope. Since we have
not done so, we discount their importance.

This leaves Rayleigh-Gans-Debye (RGD) scattering. Reasonable values
of surface roughness show a rather high dynamic range associated with this
source of RGD scattering. Comparable or higher dynamic range is associated
with Ti voids in the waveguide layer and statistical fluctuations in the Ti
concentration. The only remaining candidate for significant levels of RGD

scattering is the formation of LiNb30 and Li-Ti-0 scattering centers near the

3
waveguide surface. In fact, this source of scattering is verified experimen-

tally. Burns et al report evidence for the formation of Li-Ti-O compounds dur-

@)

ing waveguide fabrication. They also report results indicating the possible
confinement of these compounds near the top 0.3 um of the waveguide laver. The
etch-resistance that we have found in diffused layers may be a further indica-
tion of the presence of these compounds. Additionally we have found reduction

(1)

of scattering when the waveguide is polished following diffusion.
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The results of this section are consistent with the experimental
findings, and suggest that once this source of scattering is eliminated, no
other of the potential sources considered are likely to limit spectrum analyzer

dynamic range to values less than about 40 dB.
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V. MEASUREMENT AND EVALUATION OF WAVEGUIDE PERFORMANCE

THE IN-PLANE-SCATTERING EXPERIMENTAL METHOD

The measurement of in-plane scattered energy distributions was
performed in this program much as in the preceding program and described in

Ref, 1, The experimental setup is shown in Fig.19. A Gaussian beam of

approximately l-mm waist is prism coupled into and out of the waveguide and
focused with a lens of about 10-cm focal length on a slit of variable width
s. Typically s is in the range 20-60 um, When the slit is displaced from
the optical axis by a distance x, it collects light scattered in the wave-
guide at an angle ¢ = x/ngf, where ng is the mode index. :
The scattered power through the slit is tvpically 20-40 dB down i
from the peak power. Moreover, the peak power must be kept small to avoid the |
generation of optical damage by the photorefractive effect.(zg) As a result,
we have the problem of detection of low light levels., For this reason we use
a photomultiplier tube to monitor the light passed by the slit., 1In addition,
‘ light coupled into the waveguide is amplitude modulated by periodically i
varying the angle of incidence of the input beam, using an oscillating mirror.

The modulated component of the photomultiplier tube output is measured using

a lock-in amplifier. The log of the output from the lock-in amplifier is
generated by a log amplifier and delivered to the y-axis of an x-y recorder,
The x-~axis displacement is proportional to the separation x of the slit from
the optical axis of the beam. When the x and y axes are properly calibrated
? ' we obtain a plot of loglO(AP(é)/P) versus ¢, where AP(¢) is the power through .

the slit from rays scattered at an angle ¢ in the waveguide and P is the peak

ad

‘.: power through the slit from the unscattered beam,
o
- Dynamic Range {
3
Owing primarily to the need to keep the peak power in the waveguide
« low, the dynamic range of our measurement was limited to 50 dB., That is, the
-4 electronic noise level was about 53 dB below the signal generated when the

maximum power was passed through the slit. The dynamic range could be
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increased by a number of techniques: cooling the photomultiplier or replacing
it with a lower-noise tube, increasing the lock-in time constant, increasing
the slit width at low power levels, working at optical wavelengths or at
elevated temperatures where optical damage is not a problem and higher beam
powers may be used. We actually investigated the simplest of these methods,
increasing the time constant and varying the slit width. However, both
methods entail a certain amount of inconvenience. A longer time constant
requires a longer data-acquisition time. Varying the slit width requires a
more complicated data analysis, 1In fact, spectrum-analyzer performance is
specified by the on-axis scattering and the angular range of scattering. Since
both of these are measurable when the dynamic range is 50 dB, we made no
unusual attempts to increase system dynamic range further. Ultimately this
should be done in order to measure the scattering at angles bevond a few

degrees from the optical beam axis.,

Sources of Spurious Scattering

A perhaps more serious experimental problem than limited dvnamic
range is the optical noise generated byv light scattering at components other
than the waveguide under test. Each intersection of the beam with a surface
is a potential source of scattering. This includes, in Fig.19, the Fourier-
transform lens, the mirrors used to direct the beam, and the coupling prisms.
It also includes items left out of Fig.l1Y9 for simplicity, such as the laser
and all beam-~forming and polarizing optics.

Scattering from items located well in advance of the waveguide can
be reduced by placing an aperture slightlv larger than the beam diameter in
front of the oscillating mirror in Fig.19, Scattering from mirrors and the
lens close to the waveguide can at least be measured to demonstrate that it
doesn't contribute much to the total scattering level. However, we still
have scattering from the input and output coupling prisms which cannot readilv

be separated from scattering in the waveguide,




Prism Enhanced Scattering

Our best attempt at doing this has been to measure the total
scattering from the waveguide-prism system with the prisms about 1-2 mm
apart, and then with the prisms about 15 mm apart. If prism scattering is
negligible, the total scattering should increase in proportion to waveguide
path length. Accordingly, a 10 dB variation is anticipated. In fact, the
variation is in the range 0-3 dB, leading to the conclusion that scattering
at the prism interfaces is an important part of the total scattering
observed.

Subsequent to the acquisition of data for this program, we under-
took a theoretical studv of scattering associated with prism coupling. The
results of this studv are contained in Appendix C. We found that even a
perfect prism can serve to enhance the amount of scattering from waveguide
scattering centers beneath the prism. The source of the enhanced scattering
is the evanescent field associated with light from the input beam that strikes
the base of the coupling prism and is totally reflected. This evanescent
prism field can be more intense than the waveguide field, causing the level
of scattering from the prism-coupling region to rival scattering from the
free waveguide despite the much longer path length of the free waveguide.

If this path length is designated as L., the effect of prism-

enhanced scattering mav be characterized by a parameter R such that
L =L, + RL, (105)

is the effective path length over which scattering mav be said to occur. If
L. is the prism coupling length and there is no prism enhancement of scat-

tering, we expect
R = Rpin = Le/lyg (106)

Ordinarily Ry i, = 1/10. However, the results of Appendix C show that
R - 1 is possible, while our experimental results, to be described, suggest
that R 2 1.

In any case the best approach to data obtained using input-and
output-prism coupling is to subtract the scattered signal obtained when the

frec path length has two different values, sav L. and LL. The difference




o 2 AL

signal then represents scattering from the path length Lg-Lg. Assuming
that R remains the same in the two measurements, the effects of prism

enhanced scattering are subtracted away.

Polished Edges for End Fire Coupling

There must be some concern as to whether the above cited proced.re
works well, in view of the possibility that R varies with each new placement
of the prism on the waveguide. This concern is justified bv occasional
experimental results that show greater scattering when the prism separation
is reduced.

To avoid this source of experimental error, we thoroughly investi-
gated the possibilityv of replacing prism coupling with end-fire coupling
through polished waveguide edges, The procedures used to generate polished
edpes were as follows.

Two LiNbO4 slabs obtained from Cryvstal Technology were clamped
tightly together between two steel 25.4-mm cubes that were ground to an
angular precision of + 30" (angle between faces = 90° + 30"). The LiNN)3
slabs were 25mm x 25mm x 3mm, with both 25mm x 25mm faces polished to a
flatness of Y/10. The samples were cleaned to permit intimate contact when
clamped between the stainless steel blocks.

The entire assembly was ground using 15-pm alumina abrasive on a
plass lap until the faces to be polished were flush., At this stage the
25mm x 3mm LiNb03 faces have a lightly fros*¢d appearance. Polishing is
accomplished through the subsequent use of increasingly smaller abrasives,
including 3 um diamond, 1 um diamond on solder laps, and finally colloidal
silica in the form of Syton HT-30. All operations are performed in an aute-
mated fashion using a Logitech PM2 polishing machine. For the final polish
with Syton, the solder lap is replaced bv an expanded polyurethane lap.

In nearly all samples fabricated in this manner, there exist
millimeter-length regions along the polished edge which appear to be defect-
free under SEM examinatiou. Morover, curvature of the edge is not apparent
even unde. 10,000X magnification, indicating that the radius of curvature of

the edge is well under 0.1 um. These characteristics bode well for the
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replacement of prism input coupling with end-fire coupling. However, cer-
tain problems are inherent in the technique,

One serious problem results from the intimate contact achieved
between the two LiNbO4 slabs butted together for polishing. When polishing
is completed, the two slabs are held together by strong attractive forces
and cannot be separated without introducing at least a small degree of
translational motion of one sample across the face of the other., This usually
results in some damage to the two faces in contact, which are those on which
the waveguide is to be fabricated. The damage often appears to be caused by
an abrasive particle or a LiNbOj chip that is introduced to the interface
region during the grinding operation.

This problem is of tolerable severitv when only one polished edge
is required per waveguide. One can usually select sample areas of good sur-
face quality for study. The problems associated with end-fire coupling are
componded, however, when one tries to obtain two polished edges for both in-
put and output end-fire coupling. We expended significant energy in this
direction owing to our desire to mimic the spectrum-analyzer configuration as
closelv as possible.

A second polished edge per sample requires greater effort than the
first polished edge. Ideally, the assemblv consisting of steel cubes con-
tacting LiNbOj slabs should simply be inverted in order to polish the
opposite 3mm x 25mm crystal faces using the identical procedure outlined
above., In practice adjacent LiNbO3 slabs will not be in intimate contact
over their entire area owing to a slight bow in one or both crystals. The
resulting polished edge is rounded to an unsatisfactory degree and the crystals
have to be remounted for successful polishing to occur. Additionally, the
bow affords an entry way for particulate mattevr that can damage the surface
when the crystals are separated prior to remounting, and then after
remounting and polishing of the second edge.

We attempted to surmount these problems bv using a nonabrasive
cement between the two adjacent LiNbOj surfaces. This would serve to protect
the surfaces, At the same time, it was hoped that the cement would be suf-
ficiently thin and close to LiNbOj in hardness that little edge rounding would

aoccur.,
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The cements that we employed were Lakeside cement and dental resin.
The former polished away too rapidly, causing severe edge rounding. The
dental resin produced a satisfactory edge sharpness except in those locations
where a bubble had formed during setting. In these regions, chipping or dis-
tortion of the polished edge took place. Possibly handling procedures could
be developed for producing highly uniform layers of dental resin, but we did
not pursue the matter further.

To those who may wish to develop and later experiment with end-fire
input and output coupling, we note two additional problems with polished
edges that can occur. Each edge may have regions of good quality extending
for several millimeters; however, these regions may not both be in line with
a beam travelling in the preferred direction. In that case, one may have to
bear with scattering from one of the two edges. A further problem with end-
fire coupling is the separation of substrate light from waveguide light.

Prisms accomplish this quite nicelv, a fact that helps to compensate for the

disadvantage of prism-enhanced scattering.

In our opinion, the optimum experimental configuration for studying
in~plane scattering makes use of end-fire input coupling and prism output
coupling. A single polished edge can be generated without too much difficulty
or damage to the waveguide surface., This allows one to avoid prism-enhanced
scattering by use of end-fire input coupling. The use of a prism output
coupler permits good discrimination between waveguide and substrate modes.
While prism enhanced scattering does occur during output coupling owing to
the evanescent field of the output coupled beam, the enhancement from this
source of scattering is low enough to be ignored. Much of our discussion of
experimental data will refer to an in-plane scattered energy distribution that

was obtained using end-fire-input and prism-output coupling.

METHODS FOR ANALYSIS OF EXPERIMENTAL RESULTS

Development of the Basic Formulas

In Sec., IV we derived expressions for the scattered power de-

tected by diode-array clements in a spectrum analyzer, These expressions




do not relate directly to the experiment shown in Fig. 19 because of signi-

ficant variations from the geometry of that experiment to the spectrum

analyzer geometry shown in Fig. 13. Therefore it is necessary to derive

new expressions which will enable us to relate the detected signal in our
in-plane scattering experiments to the waveguide-scattering parameters dis-
cussed in Sec. 1IV. .

The starting point is the equation
AP = IWLILo(4) &¢ (107)

where AP is the power scattered in-plane at angle ¢ to the optical path, and
within an angular sector A¢, measured in the waveguide material, I is the

density of scattering centers, I, is the power per unit beam width, W is the
beam width, o0(¢) is the differential scattering cross section, and L is the
effective path length in the waveguide, which may include the contribution

from prism enhancement, if appropriate, as described bv Eq. 105. When this {
power is coupled out of the waveguide, ¢ and A¢ change as required by the

Snell's law of refraction, For the small angles of interest, we have

L (108)

"

(A¢)ext ng(AQ’) ’

measured external to the waveguide, where ng is the mode index. 1In the focal
plane of the Fourier transform lens in Fig. 19, the light energy scattered at ¢

in the waveguide appears at a distance

X = foaxt = fnf¢ (109) ]
from the optical axis, It spans an interval ‘~1
]
H A
. Ax = f(Ad) oyt = fn Ad (110) k
.3 fid 1
v 33 where f is the lens focal length, A slit of width s in the focal plane there-
™
o fore collects light scattered over an angular range
) 86 = s/n f (111 v
in the waveguide. Inserting this result into Eq. (107), we obtain j
!
‘ AP = TMLIoa($)s/n (112) D
‘J '

as the detected power at the slit location x = fnp¢.
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This equation is not valid on-axis, where the slit collects light
from the unscattered incident beam. Let us consider a beam having a peak
power per unit width of I, and a total power of I,W. 1If the intensity pro-
file of the beam is uniform, W is the actual beam width. If the profile is
Gaussian, W = wl(n/8)1/2, where Wl is the diameter of the beam measured
between the points at which the intensity is Ioe‘z. If the slit width is

small in comparison to fXO/W, the power passed by the slit is

AP(0) = P = qIo(W2/fr))s (113)

where q = 1 for a uniform beam and q = 2 for a Gaussian beam. If the slit
width is larger than on/w, the power passed by the slit is the total power
Iow. Through the use of the log amplifier shown in Fig. 19, the quantity

measured in the experiment and plotted on the x-y recorder is the negative

of the dynamic range

-D.R., = 10 loglO[AP(¢)/P] . (114)
For a small slit width, we obtain
AP($)/P = X(L/W)o(qa)xolqng . (115)

This is the smallest value of AP/P that is consistent with a given value of
7.0(¢6). As the slit width increases, AP(¢) increases linearly with s, while P

saturates above s = f),/W. When this happens,

AP($) /P = ELO(¢)(s/ngf) . (116)

Since in our experiments s = fxO/w, it appears more appropriate to use this

result than Eq. 115. The answer is the same, however if Eq. 115 is used with

q =1, as for a uniform beam:

AP($) /P

Z(L/W)6(6) (/) (117)

Taking W = 1 mm, L 15 mm, ng = 2.2 and A\, = 0.633 um, we obtain

AP($)/P = 4,32 um £o(4) (118)
Recall that the spectrum-analyzer dynamic range was described by a formula
AP()/P = [QoyZa(s)]” (119)
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where 10 S Q@ £ 100 depending on the spectrum-analyzer geometry and scattering

angular range, and 8y = 5 um was the detector aperture. This indicates that
the spectrum-analyzer dynamic range will be betwecen 10.6 and 20.6 dB lower (worse)
than the dynamic range measured using the system of Fig. 19. If we were to
evaluate a waveguide sufficient to produce a spectrum analyzer dynamic range
of 40 dB, we would want the measurement system of Fig. 19 to possess a dynamic
range of about 60 dB. Moreover, scattering from the various optical com-
ponents that intersect the beam should have their scattered intensity reduced
at least 70 dB in order not to rival the scattering from the waveguide. The
best, and perhaps only wav to achieve this is to eliminate all optical com-
ponents on the detector side of the waveguide, and to carefully spatially
tilter the light incident on the waveguide to remove as much of the scattered
component as possible.

We did not do this during the program because the scattering from
the waveguide-prism combination was in the range 20-30 dB, and was much
greater than the background scattering from components., Since the observed
scattering falls off by 10 dB within 1° of the optical axis, it appears to be
Rayleigh Gans Debve scattering from scattering centers of about 10 um diameter.
Thus Q = 10 is appropriate in Eq. 119, and a 30 dB dvnamic range in the experi-
ment of Fig,19 translates into a 20 dB dynamic range for the spectrum analyzer.
This is 20 dB lower than desired and compatible with the results of Table I
of Sec. IV only for the case of scattering by LiNb30g, Li~-Ti-0O compound for-

mation near tke waveguide surface.

Mechanics of Data Analysis

Theoretical Fitting of the Data

The result of performing the in-plane scattering experiment shown
in Fig.19 is a recorder tracing of 10 1og10[AP(¢)/P] versus ¢, Figure 20
shows the experimental result that will be the basis for much of our later
discussion, It is desired to analyze data of this form to obtain information

about scattering parameters of the waveguide., According to Eq. 117,

AP(9)/P = [23()1(L/W) (o/n ) (120)
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Fig. 20. 1In plane scattered energy distribution for sample
‘ 154 (T, mode, k|c obtained using end-fire input
coupling. Scattering angles are those which would

be measured in the waveguide material.
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Known parameters are W, Ao, and ng. L may or may not be known accurately.

If prism input coupling is used,

where Lg is the known separation between coupling prisms and L, is the path
length associated with prism enhancement, which may be comparable to Lg.

The result of Fig. 20 was obtained using end-fire input coupling,
s0 that Lo = 0 and Eq. 14 applies with the product Zo(¢) being the only
unknown quantity. The rapid fall-off of the scattered intensity with
increasing ¢ suggests that the observed scattering is of the Rayleigh-Gans-
Debye type discussed in Sec. IV. The formula for the differential scattering
cross section given in Eq. 56 is

-1

“5ng2[1+(kona¢)2] [14R(4)] (122)

o(8) = (2/m)nky a

In this expression R(¢) is a random function that is to be associated with
the fluctuations in scattered intensity that are observed in Fig.20. The

average curve drawn through the data is that corresponding to <R(¢)> = 0,

and therefore has a Lorentzian fall-off with ¢. Bv inserting the average

value of o(¢) into Eq. 120, we obtain ]

2 4. 2 2.1
AP($)/P = &(L/W)k, Ta  8n, " [1+(k ;nag)”] (123) i
The theoretical curve in Fig. 20 is consistent with the parameter values
L=15mm, W= 1 mm, ko = 27/0.633 ym, n = 2,2, a = 11,7 um and Zazéngz =
2.25 x 10-10. The on-axis dynamic range of 37.4 dB of the theoretical curve ﬁ

suggests that the dynamic range of a spectrum analyzer fabricated using this

b
waveguide would be 37.4 - 10.6 = 26,8 dB. This is in accord with Eqs. 118, 119 ‘ ‘\4
and the discussion following those equations. t 3

These conclusions are based on the fitting of a Lorentzian curve
to the data. We have generally done this in the following manner. The

quantity AP/P is measured at 2N different scattering angles i {

oy = tmAo, m=1,2,...N . (124)

gy

From Eq. 123 the quantity P/AP is a linear function of ¢2, having slope =
(k@) 2ML/Wko Tan 2 and intercept = p(L/w)kOZxa4sng2]‘1. The fit to the
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experimental curve is obtained by plotting the 2N data points P/AP(¢m) vs
¢, and determining the best straight line using the method of least-squares
deviation,

Typically A¢ = 0,08° and 2N = 10, Points are not usually taken
for angles larger than ¢ = NA¢ = 0,4° because the fluctuations in scattered
energy with ¢ become severe and the contribution from electronic noise
becomes a consideration. Often the fluctuations in scattered energy are even
severe at smaller angles, causing the data points to deviate significantly
from the best-fitting straight line. However, when one determines the
standard deviation in slope and intercept and plots the "highest" and .
"lowest" Lorentzian fit to the experimental distribution using this infor-
mation, one finds that the curves tend to lie along the top and bottom enve-
lopes determined by the local maxima and minima of the fluctuations, This
situation would continue to exist even if A¢ were decreased and N increased,
because the fluctuations correspond to uncertainties that are inherent in

the experimental data and not the statistical analysis of the data.

Complications Associated with Prism-Enhanced Scattering

This situation is more complicated when prism-input coupling is
used, since the effective scattering path length L is unknown, owing to the
contribution from prism-enhanced scattering. The unknown quantities in Eq. 120
are now Zo(¢) and L, and two measurements are needed to determine these quan-
tities separately.

As we have indicated previously, the two measurements involve the
determination of the function AP(¢)/P at two different waveguide prism sepa-

rations, say Lg and Lé. The effective path lengths L and L' used in Eq. 14

are
L =1Ly +1L (125)
L= Ly + L

where L, and L, are the prism enhancement path lengths appropriate to the

two measurements. The difference in scattered power obtained by subtracting
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the two results is

[4P($)-8P'(9)1/P = [Z0(4)] (o/Wn ) (Lg-Li+Lo-LY) (126)

If the prism-enhancement path length is the same in the two measurements,
Le-Lé = 0 and I0(¢) may be determined from the experimental data as described
above.

A difficulty in the analysis of Eq.126 is posed by the fact that
AP(¢)/P and Aﬁ(¢)/P are both fluctuating functions of angle, Their difference
also fluctuates., It is sasier to analyze the data by first obtaining the
best fitting Lorentzian curve to each experiment, and then subtracting the
two Lorentzians to obtain a measure of waveguide performance over the path
length Lg—Lé.

A weakness in the use of Eq. 126 to analyze in-plane scattering data
is the fact that Le and L} may not cancel., The derivations of Appendix C
suggest that Le and L} are more likely to be equal if the gap separating the
input coupling prism and the waveguide is constant in the two measurements.
This is best done by leaving the input prism constant and moving the output
prism to accomplish the desired change in Lg. However, our experiments were
performed prior to the derivation of prism-enhancement theory, and this was
not done, For completeness we note the theoretical prediction of Appendix C
that L, itself may be made small by utilizing a broad, highly collimated input
beam. This too was not done in our experiments, but should be done in future

experiments of this type.

INTERPRETATION OF EXPERIMENTAL RESULTS FOR SAMPLE 154

In view of the uncertainties regarding the data obtained using
input coupling prisms, we will concentrate on the interpretation of Fig. 20

obtained using end-fire coupling. We found
a = 11,7 um

-10
Za26niy2 = 2.25 x 10 (127)

from the theoretical fit to the data, We would now like to correlate these
results with gsome of the potential sources of scattering identified in

Secs. II and IV.
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The quantity zaz in Eq. 127 is the scattering-center surface
density times scattering-center area. It corresponds to the fraction of
waveguide surface covered by scattering centers, For contiguous scattering
centers, such as surface-roughness undulations, I = a'z, and fa? has 1its
largest possible value of unity., Gng then has its smallest possible value
1.5 x 10—2 The size of the scattering centers, a = 11,7 um, suggests that
we are dealing with Rayleigh~Gans-Debye (RGD) scattering. Although Mie
scattering is a possibility, we have discounted its importance, in Sec. IV,

because the scattering particles should be visible by microscope. y

Data Interpretation Based on Scattering from Surface Compounds

Restricting our attention to RGD scattering centers having a =

11.7 um and éng z21.5 x 10“5 we see from Table I of Sec. III that the candi-

dates are surface roughness, Ti voids, and LiNb308 and Li-Ti-0 surface

compounds. The most striking correspondence between our results and the
entries of that table is in the case of scattering by surface compounds. For
that scattering mechanism we combine Eqs. 76, 77, and 78 to find an expression

for the mode index perturbation in terms of waveguide parameters. It is 1
s = 4non(n?-1) 7 (vp2/2/ (W61 241) Jon (2 /) (128)

where n is the LiNbO3 substrate index, An is the waveguide index perturbation,
V= koD(ZnAn)l/2 is the normalized waveguide depth parameter, b = (ng—n)/An
. is the normalized mode index, &n is the index perturbation associated with the 1

surface compounds, z, is the depth of the surface compounds, and D is the wave-

- guide depth, i

! It is instructive to estimate An and D from waveguide fabrication
‘ﬁ:J parameters 1, the Ti film thickness, tD’ the diffusion time, and T the i
3\ diffusion temperature. The equations to be used are i
-~ ‘
o An, = 1.08 1/D :
- i
X ]
: D = 2[0(D)e )1/ (129) L
‘ where the subscript e refers to the extraordinary index and D(T) is the s
1

4 diffusion coefficient. The numerical factor 1.08 is obtained from the

84




(7)

experimental results of Burns, Klein, West, and Plew From the same work
we have D{(T) = 3.6 x 10713 cm2/sec at T = 950°C, the fabrication temperature
for our waveguide. The waveguide was also formed using a film thickness

T = 3152 and a diffusion time t = 3h. Appendix D presents some considera-
tions on the inaccuracy of this analysis based on uncertainty regarding the

correct value of 1. Nevertheless, we find

Ang = 0.027

D= 1.25 um . (130)

These results provide a normalized diffusion depth V = 4,28, From the uni-
versal curves for diffused waveguides having a Gaussian index profilesz) we
find the normalized mode index corresponding to this value of V to be b =

0.44. 1Inserting these results into Eq. 128 we obtain
6ng = 0.046 én(z,/D) (131)

The results of Burns et a1(7) shows that z,/D = 0.1 for the case when D =

2 um. Tf this ratio holds for our smaller D = 1,25 um, we find
én = 0.0035 (132)

required to obtain the smallest mode index consistent with our experiment,
Smo = 1.5 x 1072,

Some of the surface compounds that may act as the source of 8n are
LiNbjOg, having the three refractive indices 2.28, 2,36 and 2.40, and LipTiOj,
having an index of 2,09. LijTi30; is another possibility discussed in Ref.7
probably having a similar value for refractive index. It would appear that
the largest value of d&n associated with these compounds is on the order 0.1,
but Ref. 7 indicates that the compounds are a reasonably dilute mixture with
the host LiNbO3. The authors estimate Li-Ti-O compound concentration to be
less than 10 mol%. This would probably reduce the effective value of dén to
about 0,01, close to what we have calculated in Eq. 132.

Another fact that indicates the correctness of these ideas is that,
if Sn had the value 0.1, as for segrepated compounds, the compounds would

probhably be visible with a microscope., In accord with Eq. 131, én = 0.1

implies that 6np = 4.6 x 1074, Substituting this result into Eq. 127 we find
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that £ = 8 mm~2 is the surface density consistent with the data of Fig.20.
It is difficult to imagine that this concentration of particles, 12 um in
size and having an index differential of 0.1, would be able to escape optical

detection.

Data Interpretation Based on Scattering
From Surface Roughness

Although we have certinly indentified one possible source for
scattering of the magnitude observed in Fig.20, let us consider the possi-
bility that surface-roughness scattering is also compatible with that result.

For surface-roughness scattering, the effective mode index is found
using Eq. 58 and 64,

Sn_ = o(3n _/3D)
g g
o0 /3D = kofn (2nan) /2 (3b/av) (133)

With Sng =1.5x 10_?ko = 2%/0.633 um, An = 0.027, n = 2.2, and 5b/3V = 0.10
in the vicinity of V = 4,3, as measured from the universal curves, we find
5 =16 A.
This result shows that a reasonablv smooth surface can still lead
to significant waveguide scattering levels, This possibility was not pre-
dicted in Sec. IV owing to our use of An = 0.007 in calculations, rather
than An = 0.027, as obtained for the waveguide in Fig.20. The scattered
intensity varies as an3 for the surface~roughness mechanism, so the large- ‘
An waveguide employed here was not optimum from this point of view. It is

therefore possible that the observed scattering was indeed caused by surface |

roughness, This mechanism could oparate either in addition to or instead of

L

the surface compound formation mechanism discussed above.

a

The possibility that surface roughness was the cause of the scat-
tering in Fig. 20 occurred to us well in advance of the realization that sur-
face compound formation was also consistent with that data. As a result, j
emphasis was placed on an effort to measure surface roughness in a variety
of samples and correlate the results with in-plane scattering levels for
the same samples.

This was done to further demonstrate (or disprove) the ;
correspondence between surface roughness and observed waveguide scattering.

The nature and the results nf these experiments is described later.
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Data Interpretation Based on Scattering from Ti Voids

In Secs. II and IV we considered the possibility of scattering from
regions where, for one reason or another, Ti did not enter the waveguide.
Particulate matter trapped beneath the evaporated film was cited as one source

of this tvpe of scattering. The mode-index change is approximately given by

cSng = ng-n ~ bAn

In our experiment Gng = 0.44 x 0,027 = 0.012. 1In order to satisfv Eq. 127,

2. The

total number of scattering particles would be ZLW ~ 1 since L = 15 mm and

we require the surface densitv of scattering centers to he I = 012 mm

W =1mm, It is conceivable that one scattering particle could escape
detection. Yet the observed scattered energy distribution would be in
. reality a diffraction pattern having regular features associated with the
geometryv of the particle. This is in contrast to what we observe. There-

fore we discount this as an important scattering mechanism in our experiment.

Potential for Improved Scattering Performance

g

Later we will discuss possible methods for reducing scattering in

LiNbO3 waveguides by reducing the strength or number of scattering centers

such as surface roughness and surface compounds. At this point let us con-
sider the scattering level that might have been achieved simply by fabricating
the waveguide of Fig,20 differently, without aav attempt at reducing the
strength of scattering centers. Had w. increased the diffusion temperature

to 1000°C, at which D(T) = 9.4 x 10-13 cmz/sec,(7) and the diffusion time to
8h, the diffusion depth would have been 3.29 um instead of 1.25 um. Had we
decreased the Ti film thickness to 1504 from 3153, the value of Ang would have
been 00,0049, down from 0.027., The normalized depth of the waveguide would
have been V = 4,79, corresponding to a normalized mode index b = 0.45, We

continue to use db/dV = 0.1, én = 0.0035 and o = 16 Z.
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In the case of scattering from surface compounds, Eq. 128 now yields
Gng = 3,0 x 10-6, compared to 1.5 x 10~ for the present waveguide. This implies
a factor 25 reduction in scattered intensity. A spectrum analyzer utilizing
the proposed waveguide would have a dynamic range of 40,8 dB, up from 26.8 dB
predicted for the waveguide of Fig 20.

In the case of scattering from surface roughness, Eq. 133 now yields
Gng = 1.1 x 10'6, dovm from 1.5 x 10-5. This implies a factor 184 reduction in
scattered intensity. A spectrum analyzer utilizing the proposed waveguide

would have a dynamic range of 49.4 dB, up from 26.8 dB.

These results are highly encouraging from the point of view of
ultimately fabricating waveguides suitable for a spectrum analyzer. A note
of caution is that geodesic lens radiation losses may increase with the
introduction of waveguides that are optimum from a scattering point of view.
Also note that prism-enhanced scattering increases with smaller An and
larger D. This means that the superior scattering performance of such wave-
guides may not be apparent if they are tested using prism input coupling.

The careful reader may have noticed that the data of Fig. 20 is
for TM0 propagation, while the data is analyzed using a formalism developed
for TEO modes. We justify this on the basis that data taken for the TEo

mode on the same sample (154) was quite similar in appearance to the data

of Fig. 20 (see Fig. 29 on page 107).
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OTHER IN-PLANE SCATTERING EXPERIMENTS

The in-plane scattered-energy distribution of Fig. 20 was obtained
approximately midway through the program. Earlier data was taken on a variety
of samples to test the relative merits of a substrate polish performed at
Battelle and to compare scattering from indiffused and outdiffused waveguides.
Sample 154 of Fig, 20 was prepared to test the effects of a new sample cleaning
procedure, but the evidence for surface-roughness scattering from that waveguide
had a strong influence on later experiments performed during the program. These
were performed primarily to demonstrate the correlation or lack of correlation
between measured levels of surface roughness and waveguide scattering.

We now examine these experimental results to see what additional light
they shed on the understanding of waveguide-scattering phenomena. Keep in mind
that the data for each waveguide were acquired with two different coupling~prism

» separations to cancel the effects of prism-enhanced scattering. The results are
| meaningful only to the extent that prism-enhanced scattering was the same in the

two measurements.

Sample Histories

‘ Ti-Film Deposition

Table 11 identifies the samples used in the program and presents
relevant details concerning their fabrication. The substrates were purchased

from Crystal Technology. They were 25mm x 25mm x 3mm in volume and polished to

1/10 flatness on both 25mm x 25mm surfaces. HP-6 was from a high-purity batch
while the others were selected acoustic grade. It is likely that at least four
different boules are represented by the samples used in the program.

Ti-film thicknesses were measured with a crystal monitor during their
deposition by e-beam evaporation. The monitor was calibrated using an ang-
strometer. No account was taken of the fact that the measured thickness is not
that of pure Ti but is that of an unknown oxide, depending on the purity of the
vacuum svstem. This problem is addressed in Appendix D. Ti films deposited on
samples 154 and 155 probably had a greater proportion of Ti than did other

. samples documented in Table TI, owing to the use of a tighter vacuum system.
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Thermal Diffusion

All diffusions were carried out in flowing oxygen rather than in

(7,30)

argon, as is done in some laboratories. This procedure was developed at

Battelle to simplify fabrication by eliminating the need for a post-diffusion
(31)

heat treatment in oxygen. However, the fact that oxygen plays an important
role in the diffusion process means that the diffusion atmosphere could have an
impact on waveguide quality. We did not test this, though it would have been
worthwhile to do so.

Following the diffusion heat treatment, samples were rapidly quenched
to 600° by moving them to the edge of the hot zone of the tubular oven. Then
the samples were brought to room temperature in a time comparable to or longer
than 30 min. The quench to 600°C is performed to minimize the time spent in the
800-850°C temperature range, where surface def?cts can be produced as a result of
1,14)

the generation of the separated phase LiNb308.

radation in samples allowed to cool slowly overnight, and in samples that were

We have observed this deg-

intentionally allowed to remain at 800-850°C for times on the order of ten

minutes. A rapid quench from the diffusion temperature to 600°C is probably not

required, although we generally performed the quench in a few seconds.

Cleaning Procedure

The method used to clean LiNbOB substrates for waveguide fabrication
has been subject to considerable evolution over the years that Battelle has had

experience in the area. Two approaches are now dominant. One that minimizes

contact with the LiNbO3 surface has as its principle features a soak in "Micro"

detergent, follwed by a long (5 min) rinse in hot, filtered tap water, and con-
cluded with a short rinse in hot distilled tap water. Variations on the main
theme include ultrasonic agitation of the "Micro" and a concluding bake out at
250°C. If the sample is not baked, it is blown dry with filtered air or N2.
Slight swabing of the surface with a cotton swab is permitted during the early
rinsing stages. Otherwise there is no contact with the surface.

A problem with minimizing surface contact has to do with the very

strong electrostatic attraction that LiNbO, exerts on airborne particulates.
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Surface dust is not easily rinsed away. An approach that we have found success-
ful has been to first subject the sample to a "final polish" with colloidal
silica. This physically removes firmly attached dust and other residue. Then
the sample is wiped once with a "Kleenex" or a lintless wipe that has been
wetted with methanol. If the sample has been recently sawed, care must be
taken to insure that loose chips are not dragged across the surface in this
step. Nomarski microscopy reveals a clean, nearly dust-free surface.

This cleaning procedure was used for samples 154 and 155, while other
samples cleaned during the program were cleaned using the minimum-contact ap-
proach. We somewhat prefer the contact appraoch for its simplicity and effec-
tiveness, but we also believe that it doesn't make much difference which method
is used as far as waveguide scattering is concerned. Our results suggest that
the scattering level associated with cleaning-related scattering centers is not

very great.

Sample HP-6

HP-6 was from a high-purity boule of LiNbO, that was left over from a

previous program. The sample was ground and polisheg to the extent that the
effects of previous diffusions and heat-treatments were in all likelihood elimi~
nated. Then a waveguide was prepared on the substrate according to the descrip-
tion in Table II.

It was believed that the scattering level from this sample, when
compared with that from a waveguide formed on a Crystal-Technology prepared
substrate, would indicate the potential for scattering from surface roughness
and/or subsurface polishing imperfections that might exist in one or the other to

a greater degree,.

Sample 135

Waveguide sample 135 was fabricated in a similar fashion to HP-6 in
order to make the comparison indicated above. Also, sample 135 contained a sur-
face area approximately 25 mm x 6 mm that was not diffused with Ti, and hence
supported an outdiffused waveguide. The reason for this was to allow comparison

of scattering from indiffused and outdiffused waveguides formed on the same
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substrate. Unfortunately, the outdiffused portion was only tested without cor-
rection for prism-enhanced scattering, so this comparison could not be made. An
outdiffused waveguide was, however, carefully made and tested later in the

program,

Samples 154 and 155

These samples were initially fabricated to test the influence of sur-
face cleaning procedures on LiNbO3 waveguide scattering. However, following the
analysis of the data for 154, shown in Fig. 20, it was felt that surface rough-
ness was a more significant source of scattering. Subsequent samples used in

the program were fabricated with this possibility in mind.

Samples 166, 168, and 169

These samples were designed for a series of measurements in which wave-
guide scattering was to be measured as a function of surface roughness. Rough-
ness was to be varied by post-diffusion polishing of the waveguide surface.
Sample 166 was fabricated from a relatively thin, 175—; Ti film. A thin film
was employed to minimize the upheaval of the topography of the LiNbO3 surface
caused by the diffusion process. This upheaval was surmised from measurements
made on sample 154, in which the scattered component of light reflected from
the surface at about 90° suggested a roughness of about 30 Z (see Appendix F)
or an order of magnitude greater than the NBS- measured roughness for an undif-
fused substrate (see Appendix A).

Sample 169 was diffused from a relatively thick, 600 X Ti film. This
was done to provide contrast with sample 166, and also to permit checking of the
results of the Phase 1 program,(l) which showed the best scattering performance
to be provided by a heavily diffused waveguide that was subjected to a long post-
diffusion polish.

Sample 168 was an outdiffused waveguide formed to verify that topo-
graphical upheaval of the surface was indeed related to Ti indiffusion, and also
to provide the comparison of scattering from indiffused and outdiffused wave-

guides that was mentioned earlier in connection with sample 135,

93




roo '"*“““*“"“"'-"“"""""""""""""“'llIllll"""""“"“"'!'"?""’“"“l

Experimental Results for Samples Other Than 154

Scattered-Energy Distributions for Separated and
Adjacent Input and Output Prism Couplers

In Figs. 21-28 we present in-plane scattered-energy distributions for
the samples whose histories have just been described. In each experimental dis-~
tribution, the solid curve shows scattering observed when the prism separation
was about 15 mm. The dashed curve shows the scattering observed when the prism

separation was as close as could be conveniently obtained, about 1-2 mm. The

distributions have been truncated at -20 dB so the main peaks associated with
unscattered light are off-scale. The scattering angles shown along the horizon- |
¥ tal axis are those which would be measured in the waveguide material.

The smooth curves shown in the figures are the Lorentzian-shaped
theoretical fits to the data obtained by methods discussed earlier in this
section. These curves are solid or dashed in correspondence to the experi-
mental data that they fit. Table III1 summarizes the theoretical results. This
table presents the scattering level at 0° and 1° measured in air [(1/n)° measured
in the waveguide], as provided by the theoretical fit for both separated and

adjacent coupling prisms.

Interpretation of Results

It is desired to evaluate waveguide scattering by subtracting the scat-

tering level obtained using adjacent prisms from that obtained using separated

prisms. The results of this calculation are shown in row 5 of Table III.
Three entries are omitted: Samples HP-§ (TEo mode, k | c) and 135 (TEo mode,
k | c) show a negative scattering contribution from the waveguide, while sample

155 (TMo mode, k || c) shows a very large scattering that belies the close match

between experimental curves seen in Fig. 24.
L Results for other samples show that 166, 168, and 169 have the lowest

scattering levels, near -36 dB and comparable to that obtained for sample 154.

RN S ;

Samples 135 and 155 have scattering levels approximately 10 dB greater. In view

of the fact that the fluctuations in scattered energy for many of the samples




10 log (AP/P)
(dB)

-20 |
|
|
|
-
/I N
/
&/
|
M
J1 _3o-—
{';‘, g | :
Y (Rl &
- $- ot
! h{" Ht
o ~40— A\ Y|

| mﬂ

i
- §
S A
" -0,5 -0.25 0 0.25 0.50
i Scattering Angle ¢ (Degrees)
j Fig. 21. In-plane scattering energy distribution for sample HP-6 (TE mode,
‘ klc). taken with separated coupling prisms (solid curves) and
. adjacent coupling prisms (dashed curves). Bell-shaped curves are
{ theoretical. Scattering angles are referenced to waveguide material.




~ ol

-

[
- -

HFW—V R
< PRI VO - .

Fig. 22.

ARy

10 log (AP/P)
' (dB)

o ——— c—

}
|
20 [
|
|
|
!
|
|

[ f !
! \
il !
Al W\
|,‘l ki
t ‘l lkl*%
¥ )
LM ~40 = AN |
- AfE .flll
|‘\" /‘ f AH‘ i
t ! g / i 1
L Si ) i
1) I
/
/ \
0.5 _0.25 E; 0:;5 0:;0

Scattering Angle ¢ (Degrees)

In-plane scattering energy distribution for sample 135 (TM_ mode,
klp), taken with separated coupling prisms (solid curves) and
adjacent coupling prisms (dashed curves). Bell-shaped curves are

theoretical.

96

Scattering angles are referenced to waveguide material.




10 log (AP/P)
(dB)

— — —— — — ————— — ——

‘N I
- i '
l 10! ﬁ
. ’: !
. : ¥ . ;
l.' N ' ' . ! ‘l l - -
o ) :
- ; | :
[ ! { ;
\ ‘ ! :
M 4 d ! !
] T L 1 '
T -0.5 -0.25 0 0.25 0.50 ;
~ Scattering Angle ¢ (Degrees) é
- Fig. 23. In-plane scattering energy distribution for sample 135 (TE, mode, E
' kLc), taken with separated coupling prisms (solid curves) and .
adjacent coupling prisms (dashed curves). Bell-shaped curves are 1
‘ theoretical. Scattering angles are referenced to waveguide material.
A
) 97
I -
o
- " - - N - - :J 1"", ‘."TT - """7‘\."' r - "?T - ~ =

PR R S Loy




Fig. 24.
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In-plane scattering energy distribution for sample 155 (TM, mode,
k[lc), taken with separated coupling prisms (solid curves) and
adjacent coupling prisms (dashed curves). Bell-shaped curves are
theoretical. Scattering angles are referenced to waveguide material.
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theoretical. Scattering angles are referenced to waveguide material.
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(row 6) was comparable to the changes in scattering produced using separated and
adjacent coupling prisms, it is difficult to know what significance to attach
to these results. Let us, therefore, consider the entries of Table III from a
different point of view.

Taken as a whole, the data show the dominance of scattering from the
prism-coupling region over that from the free waveguide. Since prism scattering
results from an enhancement of scattering from waveguide imperfections in the
input-coupling region, those waveguides with the lowest inherent scattering will
also have the lowest prism-enhanced scattering. We can thus determine the best
samples in Table III by looking for those with the lowest scattering as measured
with adjacent coupling prisms. A critical assumption is that the proportionality
constant relating inherent waveguide scattering to prism scattering is the same
for all waveguides. Exceptions to this will have to be discussed individually.

An examination of row 3 in Table III, for on-axis scattering and
adjacent coupling prisms, shows HP-6 to be the worst waveguide tested, having a
scattering level of -22 dB. Recall that this was the only sample not polished
by the supplier, Crystal Technology. Waveguides 155 and 166 are now found to be
comparable in performance and superior to 135. 1In row 5, 166 was superior to
both 155 and 135, which were comparable. We are thus inclined to rank the three
samples in order of increasing qualitv as follows: 135 (poorest), 155 (inter-

mediate), and 166 (best). This is significant because the waveguides were fabri-

cated with slightly different procedures 135 was diffused from a thicker Ti .
tilm than were 155 and 166 (270 A instead of 175 A), while 155 was formed from a ?
film evaporated in a tighter vacuum system than was the film used for 166. Our
results suggest that the use of a thin, oxygen-rich Ti film will improve wave-
guide quality, presumably by impeding the formation of Li-Ti-0 surface compounds
and bv minimizing any surface roughness that may be induced by the diffusion
process.

Outdiffused waveguide sample 168 presents a paradox in that it shows
quite low scattering obtained as the difference between data for separated and
adjacent coupling prisms, yet the absolute scattering level measured with adja-
cent coupling prisms in higher than for anv sample in Table III except HP-6,
Outdiffused waveguides are expected to have less scattering than indiffused

waveguides because they are immune to scattering from Li-Ti-0 surface compound
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formation and from diffusion-induced surface roughness. This can be reconciled
with the high level of scattering observed for adjacent coupling prisms only if
we assume a large degree of prism-enhanced scattering. This is in agreement
with the predictions of Appendix C. Equation C-17 indicates that prism-enhance~
ment varies in proportion to (D/An)z, where D is the waveguide depth and An is
the surface index change. This ratio can be two orders of magnitude larger in
an outdiffused waveguide than in an indiffused waveguide. We are thus confi-
dent in asserting that sample 168 is one of the better-quality waveguides tested.
The last sample to consider in Table I11 is sample 169. This wave-
guide shows the best scattering performance of any waveguide in the table, by
either of the two criteria that we have employed. This 1is surprising, because
the fabrication conditions were deliberately chosen to produce an inferior wave-
guide. A 600 Z—thick Ti film was diffused to produce Li~Ti-0 surface compound
formation and diffusion induced surface roughness. It was planned to monitor
waveguide quality improvement by performing post diffusion polishing of the
sample, as was done in Ref. 1. 1In that work, 720 ;-thick Ti films diffused for
three hours showed considerable surface granularity which we associated with
surface compound formation. In a waveguide formed similarly to 169, only very
slight granularity was observed. Our interpretation is that the higher diffu-
sion temperature (1000°C instead of 950°C) and longer diffusion time (8 h instead
of 3 h) causc the surface compounds to break up, forming a more homogeneous wave-
gsuide layer. However, caution must be exercised in interpreting the results of
Table 1II1 for this sample, since the extent of prism-enhanced scattering is not
known and can not be easily predicted. Both An and D are larger for this wave-
guide, and the ratio (D/An)2 describing prism enhancement may be greater than,

less than or comparable to that for other indiffused samples in the table.

Connection with Previous Results

In summary, it appears that the best waveguides are obtained by fabri-
cation procedures that minimize disruption of the sample surface, either by sur-
face compound formation or diffusion induced roughness. We find from experiment
that this can be done by the use of thin Ti films having a high oxygen content
and/or by the use of long diffusion times and high temperatures. Both tech-

niques should lead to smaller values of An and larger values of D, which the
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theory of Sec. IV shows to be conducive to low scattering cross sections. Thus
our experimental results are qualitatively supportive of the theory. Unfortu-
nately, they do not go far enough toward determining the best waveguide scat-
tering that may be obtained. That is the case because we concentrated in our
experiments on sources of scattering that were related to waveguide handling
procedures such as polishing and cleaning, rather than to waveguide diffusion
conditions, such as diffusion time, temperature and Ti-film thickness. This
choice was made because the results of the Phase I program(l) suggested that it
was appropriate. We now believe that many of these results were improperly
influenced by prism-enhanced scattering.

The last samples examined in the current program, 166, 168, and 169,
show an appropriate shift in emphasis to the study of diffusion conditions and
their effects on scattering. Unfortunately, significant time was lost in
attempting to develop end-fire coupling techniques and an in-depth study was
not possible., The most serious loss was a set of experiments to evaluate the
effects of post-diffusion polishing of various waveguide samples. These experi-
ments would have provided information regarding the relative importance of dif-
fusion~induced surface roughness and surface compound formation, and could have
resulted in a more definitive recipe for low scattering waveguides. As the
current program ends, we know the desirability of fabricating waveguides with
small An and large D, but we do not know the optimum way to achieve these con-
ditions, whether by heavy post-diffusion polishing of waveguides formed using
thick Ti films or by light post-diffusion polishing of waveguides formed using
thin Ti films and longer hotter diffusion treatments.

Our initial attempts to answer these questions involved the development
of a reflection scattering technique to measure surface roughness. This tech-
nique was mentioned previously in connection with sample 154, where it was used
o verify that the surface roughness of that sample was enough to cause the
observed level of scattering. We planned to make repeated use of this tech-
nique following post-diffusion polishes of waveguides in the 160 series to more
precisely correlate waveguide scattering with surface roughness. Some initial
results with these waveguides are described in Appendix E.

In order to complete our presentation of in-plane scattering data we
include as Fig. 29 the scattered energy distribution for sample 154 taken using

end-fire input coupling of TE0 polarized light.
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VI. SUMMARY AND CONCLUSIONS

This report has described an intensive investigation of sources of

scattering in LiNbO.,, Ti-diffused optical waveguides. The investigation, pri-

s
marily experimental3in nature, has been complicated by experimental difficul-
ties of the type which escape immediate detection, and which, when discovered,
frustrate correction. 1 speak primarily of the problems associated with prism-
enhanced scattering and the unsuccessful attempt to eliminate them by the polish-
ing of edges for end-fire coupling. These problems have limited the scope of
the program to the extent that waveguides other than Ti-diffused LiNbO3 were
not investigated. We have, however, managed to interpret the data obtained
for LiNbO3 through the use of extensive Gnd initially unanticipated) calcula-
tions, so that important conclusions are drawn with regard to the suitability
of the material for integrated-optical signal-processing applications such as
the spectrum analyzer. While we have not experimentally studied other candi-
date waveguides for these applications, we note that our calculations are
relevant to all waveguides having a small surface-to-substrate index change An.
In addition, our treatment of the scattering associated with prism coupling and
our findings regarding the polishing of edges for end-fire coupling should prove
useful to those whose concern is with silicon-substrate waveguides as well as
with LiNb03.

A listing of the achievements of the program follows:

e Identification of potential sources of scattering in Ti-

diffused LiNbO, waveguides.

3
e Comprehensive listing of experimental methods useful for
the study of waveguide scattering sources, including

experimental results for those we employed.

e Calculation of spectrum-analyzer dynamic range in
terms of scattering cross sections, scattering-center
densities, and spectrum-analyzer geometry.

e Derivation of formulas for in-plane scattering cross
sections for Mie, Rayleigh-Gans-Debye, and Rayleigh

scattering centers
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e Analysis of scattering associated with prism coupling.

e Investigation of edge-polishing techniques for end-fire
coupling.

e Development of procedures for data acquisition and analysis
in the presence of prism-enhanced scattering.

e Development of a qualitative but highly sensitive experi-

ment for detection of in plane scattering at 90°.

® Measurement of surface roughness associated with Ti

diffusion using a reflection-scattering experiment.

e Testing and evaluation of in-plane scattering in LiNbO3

waveguides formed using a wide variety of fabrication
procedures.

The research summarized by these achievements has led us to conclude
that LiNbO3 is an eminently useful substrate for the spectrum-analyzer appli-
cation.(z)

We find that the initial substrate, as polished by the supplier, has
one of the smoothest surfaces known to NBS. The pfocess of Ti diffusion roughens
the surface slightly and produces the formation of non—LiNbO3
the top fraction of a micron of the waveguide surface(7). Most likely these
are compounds of lithium, titanium, and oxygen, such as Li,TiO, or Li,Ti,0O N

2 3 277377
We find that the index inhomogeneity produced by these compounds or by the

compounds within

surface roughness associated with them are each sufficient to explain the scat-
tering levels observed in our best experimental waveguides. These waveguides,
however, were fabricated in such a way as to produce a relatively large value
of the surface index change An and a small value of the diffusion depth D. We
now know that these conditions are decidedly non-optimum from the point of view
of reducing waveguide scattering, a fact that was not obvious experimentally
because they turn out to be optimum conditions for minimizing the significant
contribution from prism-enhanced scattering. On the basis of theory developed
during the program we predict that employing waveguide-diffusion treatments to
produce 4n = 0.005 and D * 3.3 um, to give a specific but not all-inclusive ex-
ample, will reduce the scattering contributed by surface roughness to negligible

levels.
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Residual scattering would then be associated with surface-compound
formation. This contribution, while remaining greater than that from surface
roughness, is also reduced by fabricating waveguides having small An and large
D. This reduction occurs simply because the modal distribution of guided light
produces a smaller field at the surface under conditions of small An and large D.
However, there is some evidence that the longer, hotter diffusion treatment
leading to these conditions will also increase the material homogeneity of the

an This produces a further reduction in scattering quite apart from

surface.
that associated with the modal-field distribution. On this basis we conclude
that waveguides suitable for the spectrum analyzer should result from simple
adjustments of the diffusion conditions. However, we emphasize that the wave-
guides, when evaluated using prism coupling, may not appear to be of high

quality because of the increase in prism-enhanced scattering when An is reduced
and D is made larger.

Finally, we note that our expectation that low waveguide scattering
results from longer, hotter diffusion treatments does not guarantee the success
of a spectrum analyzer fabricated using such a treatment. Reference 32 shows
that geodesic lenses formed in waveguides having a small An/D ratio may have
through-puts intolerably low for applications. If this happens to be true, it
may be necessary to employ waveguides having An and D values that are non-optimum
from the point of view of in-plane scattering characteristics. Scattering from
these waveguides may still be reduced to tolerable levels by post-diffusion
polishing of the surface. This was investigated in the first phase of this two

(D Figure 12 of Ref. 1, reproduced as Fig. C2

year scattering program.
of Appendix C, shows the best scattering performance observed during either phase
of the scattering-reduction program. It was obtained by post-diffusion polishing
of a sample that initially showed evidence of significant surface-compound forma-
tion.

In summary, we believe that Ti diffused waveguides formed in LiNbO3
using suitable diffusion conditions and post-diffusion polishing as required
will suffice for the production of integrated optical spectrum analyzers having

dynamic range values in excess of 40 dB. and perhaps as large as 60 dB.
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APPENDIX A

NATTONAL BUREAU OF STANDARDS
EVALUATION OF SURFACE ROUGHNESS OF LiNbO,3

Attached is a report of test results obtained by personnel of the
National Bureau of Standards. The object of the test was to obtain roughness
and autocorrelation-length information for LiNbO3 substrate 164. This sample
was sent to NBS in as- received condition. As for other samples used in the
program, the supplier was Crystal Technology. The sample dimensions were
25 mm x 25 mm x 3 mm and the polish of both broad faces was specified to be <
v/% in flatness. The sample was selected-acoustic grade in quality.

In summ-rv of the attached report, the workers described the sample
surface as one oi the smoothest they had ever examined. The dates referred to

in the report are tor the year 1980.
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ronm NBS-259
(3-00)

A-2
U.S. DEPARTMENT OF COMMERCE
\ NATIONAL BUREAU OF STANDARDS
WASHINGTON, D.C. 20234

REPORT OF TEST 731/222492

To: Battelle Memorial Institute
Columbus Laboratories
505 King Avenue
Columbus, Ohio 43201
Attn: David Vahey

This report covers NBS measurements of the surface texture parameters of

a polished LiNbOq specimen. The specimen was measured on two occasions:
Jan. 25 and Apr. 7 of this year. Between these dates the data analysis
program was changed so that the precision of the R; calculation was improved
on April 7. The results for the rms roughness Rq and autocorrelation

length a are tabulated below.

L Table 1
Rq a
(nm) (um)
Jan. 25 50.3 36
| Apr. 7 €0.35 23
The above values have es:imated uncertainties of approximately 307 due
primarily to uncertainty in the calibrating step height, uncertainty in

the measurement of horizontal displacement, digitization, and the variation
in the surface properties themselves from place to place. The 307
- uncertainty represents a 957 confidence interval.

¥ : ey

B, Measurement Procedure t
S Surface topography is measured at the NBS by means of a miniconmputer/stylus }
.- instrument system. Using an interferometrically measured step, the system :

s 32 was calibrated on each value of magnification employed during a measurement. l
. Profiles of the calibrating step and the roughness area under test were !
o stored in the minicomputer memory using 12 hit analog to digital conversion, |

Each profile contained 4000 digitized points.

The stylus tip was chisel-shaped with approximate dimensions 0,1 pym x 1 ym. 2
The response of the system was limited to a band of surface wavelengths §
determined by the stylus width and various electronic filters described below. 2
R, values were calculated from three successive traverses of each position. i
The average of these was calculated and is shown in the data sheets. Then '
4 the digitized profile data from the third traverse at each position were ;
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stored in the computer.

The other parameters and the statistical functions
were subsequently calculated from the stored profiles.

The experimental parameters are shown in Table II.

Table Il
Approximate
Date Trace Length  Point Spacing Positions Bandwidth
(um) Gim) (ym)
Jan. 25 750 0.1875 1-6 4 - 200
(low pass -
high pass filters)
Apr, 7 80 0.02 1-6 1 - 19
(stylus width -
high pass filters)
Apr. 7 1500 0.375 7-12 4 - 200
(low pass -

high pass filters)

Please note that there were two modes of operation on Apr. 7. The results
quoted in Table 1 were taken for the long-trace mode only. The results for
the short trace mode are consistent with these,

The value for Rq was calculated according to the formula

R =
q

4000 1/2

1 2
4000 z : Vi ’

i=1

where y; is the height of the filtered profile with respect to the mean

line at position 1.

The autocorrelation length was calculated from the average autocorrelation

function for each day. It is defined as the lag distance at which the

function drops to 10% of its value at zero lag. Since the noise of the
instrument was appreciable at the high magnification (1 million X) required
to make the measurement, the spike at zero lag was ignored and the ACF was
replotted on semilog paper as several-point averages. The values for ¢ were
taken from these plots.

Additional Data

A number of other surface parameters and functions were calculated from the
surface profiles and the results are included with this report. These
include the parameters of averape slope, average wavelength, peak-count
wavelength, peak-to-mean line height, skewness, and kurtosis, and the power
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spectral density function (PSD). Results were calculated for each profile
and averages of these were calculated for each surface.

The PSD represents the breakdown of the profile into its component spatial
frequencies f. For most surfaces the PSD monotonically decreases with
increasing spatial frequency. The cutoffs shown at low frequency are due
to the low-pass electronic filters., The sharp spikes are probably not real
spatial components of the surface but rather components of periodic noise
picked up during the measurement,

l et
Measurements made by: _,4 o2
— 7 g

"

“ AP ter T e

Supervisor (fi

For the Director,

ML

D. R. Flynn, Program Manager

Mechanical Production Metrology

Center for Mechanical Engineering
and Process Technology
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APPENDIX B

90° SCATTERING EXPERIMENTAL ANALYSIS: DETERMINATION
OF THE THRESHOLD OF VISION

In Sec. IV we described an experiment to test for scattered light at
90°. Owing to the low level of scattering encountered in LiNbO3 waveguide
sample 135 at that scattering angle, we found it necessary to use the human eye
as the detector. Since the eye has a nonlinear response to light we limited
consideration to deciding whether or not any light could be detected, rather %
than how much light could be detected. To convert our qualitative observation ;
to quantitative information, it is necessaryv to specify the threshold of human
vision.

Reference Bl indicates that for a point sour~e of red light, the thres-

hold of vision is about 0.15 ulm/m2 for foveal vision and about 0.004 ulm/m2
for extra-foveal vision. Foveal vision is described as that employed under
ordinary lighting conditions, when we '"look right at' an object. For the dark-
adapted eve, there is a gain in sensitivity of about 40X obtained by looking at
a slight angle awav from the object. Assuming that this condition applied at

least during part of our experiment, the threshold of visinm is (0.004 u1m/m2) b
(1W/682 1m) x the aperture of the eye. Taking the latter quantity to be 5 mmz,

we find Pth = 3 x 10—17 W. Even if foveal vision is employed throughout the

experiment, which seems unlikely, the threshold is still comparable to the

10—1) W value employed in the analysis of Sec. IV.

E
g

o n g o =

1f the scattering source is viewed as an extended source positioned,
as far as the eye can tell, at the output coupling spot, it is probably more
appropriate to calculate the threshold of vision using the minimum perceptible
luminance, indicated to be 5 x 10—6 cd/m2 in Ref. Bl. The power associated with
this luminance is obtained as its product with the solid angle subtended by the
eye in the observation and the area of the illuminating region. If the aperture
of the eye is 5 mm2 and the viewing distance is 300 mm, the solid angle subtended

is 5 mm2/3 X 104 mm2 =1.7 x 10—4. The area of the illuminating region is the

area of the output coupling spot, about 10 mm x 0.5 mm = 5 mmz. Since 1 cd =

1 Im/steradian =(1/682) W/steradian, we find the power associated with the f
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threshold of vision to be

-}
§

-6 _ _
th = (5 x 10 cd/mz)(1.7 x 10 4 sterad) (5 x 10 6 m2)(1/682)(W/steradian)

0 X 10-18 W (B1)

This is slightly lower than the value calculated for a point source.

A potential problem is that our experiment could not be done in a com-
pletely darkened room, owing to the glow of the laser discharge and scattering
from beam forming optics and light in the waveguide substrate. Nevertheless the
value Pth = 10-15 W used in Sec. IV is two orders of magnitude larger than that
which we have calculated here, and this could compensate somewhat for the error
introduced by utilizing visual sensitivity data presumed to apply in a totally
darkened environment. We note that 1 nW of HeNe laser light incident on a white
card is visible to the eve under reduced but not totally darkened lighting con-
ditions. Assuming that 100% of this power is reflected, an upper limit of
10—14 W is incident on the eye at a distance of 30 cm. This is only one order

of magnitude larger than the value we have emploved for the threshold of vision.

Reference

Bl. J.W.T. Walsh, Photometry, Constable and Company Ltd., London, 1953,
Chapter III.

PRy ey
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APPENDIX C

SCATTERING ASSOCIATED WITH PRISM COUPLING

In this appendix we present a theoretical analysis of what is
referred to in the text as "prism-enhanced scattering." Our major conclusious,
cited often in the text, are the following: (1) An ideal prism can effectively
magnify the scattering contribution from scattering centers in the waveguide
beneath the input-coupling prism, relative to the scattering contribution
from the free waveguide. (2) The enhancement is greater when the angular
divergence of the input beam acts to produce a low coupling efficiency, and
should be reduced to tolerable levels by using a well-collimated input beam.

Figure Cl shows a diagram of the prism waveguide geometry in the
vicinity of the input-coupling region. In order to be specific, we consider
scattering centers associated with Li-Ti-0 compound formation just beneath

the waveguide surface. We will take that view of scattering in which the

source of the scattered field is the polarization vector &P = P - P,
- —actual —ideal,

where chtual is the polarization in the presence of scattering centers and

Bideal is the polarization that would result if there were no scattering centers.

From the definition

P = (e - EO)E' s (1)

we determine

§P = &¢E (©2)

wher: F is the total field at the surface and &+ is the change in per-
mittivitv associated with the scattering mechanism., Since ¢ = nzro in
the optical regime, 8e = 2n6neo may be substituted in Eq. 2.

The scattered field_gs from a given scattering center will be
proportional to the dipole moment, which is the integral of the polarization
8P over the volume of the center. For the case of islands of Li-Ti-O compounds

. 2
formed near the waveguide surface, we use a typical area a , measured in the
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PP R e

plane of the waveguide, and a depth z, Thus
2
E « 8nEa"z R 3)
s o

where ES is the (scalar) field from one scattering center. The intensity
from N scattering centers is proportional to NE:. For this discussion we
are interested only in the fact that N is proportional to the beam path
length L. For the scattered intensity, we write

1= KénZEZaAzOZL R (C4)

where K is a constant of proportionality.

Our interest is in comparing the scattered intensity from the
prism-coupling region to that from the free waveguide. We assume that all
parameters in Eq. C4 except for E and L are unaffected by the presence of

the prism. Thus we write

Ig = K'Eng, K' = Kdnzaazoz, (cs)
for the scattered intensity from the free waveguide, where Eg is the wave-
guide field at the surface, and Lg is the path length between input and
output coupling prisms. Similarly, the scattered intensity from the input-
prism coupling region is

1 = K'EL (c6)
C c cC

where EC is the total field at the waveguide surface and LC is the coupling

-

length.

The field EC contains contributions from the modal waveguide i
field Eg and from the evanescent field associated with light that is totally : H
reflected at the base of the input-coupling prism. If this field is called

Ep, then the largest value of Ec at the waveguide surface is )
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E =E +E . c7
c P g €7

If Ep>>Eg, the light intensity scattered in the coupling region relative to

that scattered in the free waveguide is

2. .2
1 /I =EL/EL . c8
/Tg = Bl JEL, (c8)

This ratio can be unity or greater even if LC<<Lg, since we assume Ep>>Eg.

To see if this inequality can hold in practice, a calculation based on the

(C1)

prism-coupling theory of Tien and Ulrich is in order.

Equations 11 and 12 of the latter reference provide an expression
for the field Ep in terms of the amplitude of a plane wave incident on
the base of the coupling prism. If A3 is taken to be the amplitude of the
(€1)

plane wave, consistent with the notation of Tien and Ulrich, we have

E =4 (c9)

p 3 7321

where 391 is the amplitude transmission across the gap of the three layer
system consisting of prism, air gap, and waveguide layer. Equation 12 of
Cc2
Ulrich( ) contains a general expression for T301°
‘ 2 2.4/2, 2  -1/2 -i¢ 2 =2i¢,-1
T391 ~ Ah(np—n (np 1) e (1+h°e )
2 1/2
h = exp[—koS(n -1 / ] (C10)
-1..2 1/2, 2 2.-1/2
¢ = tan " [@°-1) / (np-n ) / i

index, S is the gap width, and

where np is the prism index, n is the LiNbO3

h<<l describes the weak-coupling limit.
To obtain the corresponding expression for the field from the
waveguide mode at the surface, we use the differential equation derived

by Tien and Ulrich to describe the interaction between the waveguide field
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and the prism field. This is Eq. (42) of Reference Cl. In terms of real
variables, rather than normalized variables, and in terms of our notation,

the differential equation is

dAl/dx = Ay - YA
@ = (tyy,/20D) (ni-nz)llz
(c11)
y = (/m) (ar=nd) (0222 (021 7H e ()
2 () = 4h2[(1+h2)2—4h2(n2—1)(ni-l)-l]

In this equation n, =n + An is the waveguide surface index,
ng = n + Anb is the mode index, and x is the coupling distance. The result
can be expressed in terms of the notation of Tien and Ulrich by using
1/2

2 n2) = n,cosH, = nlltane

(nl— g 1 1 (C12)

1 *

valid for waveguides like LiNbO3

the angle of incidence on the waveguide surface of the bounce modes described

having An<<n. In this equation 91 = /2 is

by Tien and Ulrich.

1/2

2_,3y1/2 ) in place of

2 2

n;-n /(n"-n
1 g) ( p
the transmission T of Tien and Ulrich. Additionally, the coefficient y in

In Eq.(C1D) we have also used T321(

Eq. (C11) is the expression that results when the quantity l—r1 of Reference C1

is expressed in terms of the strength parameter h and refractive index parameters.

This is done using Eq. (24) of Reference Cl. Finally in Eq. (C11),D is used to
describe waveguide depth instead of the W used by Tien and Ulrich.

Note that in the differential Eq. (C11) Al is the amplitude of one
of the two equivalent bounce waves into which the waveguide mode may be
resolved. The peak field of the mode is 2A1. The field at the surface is
found in terms of the peak field by solving the waveguide boundary conditionms.
For a strongly assymetric waveguide like LiNbO3, the analysis of Marcuse(C3)

indicates that
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B, () = 2Al(x)(ni-n:)l/z(ni—l)_l/z (C13)
Taking n, =n + An and ng = n + Anb, with An<<n, this result is expressed
approximately as
-1/2
E () = 20 (0 (2080 (1-b) 1/ 2 a2y 712 (c14)

It is instructive to substitute this result and the result of

Fgse {C9) and (C10) inte Eq. (C11) to arrive at

JE (x) /dx = [znn(1-b)/nl[(n2—1)'1/25p - 4h2(n§—n2)l/2(n§-l)-l E (1. (€15)

This differential equation relates the waveguide field at the surface to the
cvanescent prism field at the surface. For the case of weak coupling, the
second term in Eq.{(C13) i1 be neglected, and the waveguide surface field is

found to be
£, () = [220Q-0) /D1 (B0 T R (C16)
If = = { is the effective length over which input coupling occurs, we find

Ev(?) = [1.021An(1—b)f/n]xzp . (c17)

where we have used n = 2.2 to obtain the numerical coefficient 1.021. If

An = 0.005, b = 0.5, D = 3.0um, and £ = LC = Imm, the beam width and coupling
spot size we find Eg(C) = 0,851 Ep. The waveguide surface field is then
comparable to the evanescent prism field. In accord with the discussion
y associated with Egs.(€6)-((8), the scattering from the input~coupling region
is enhanced by the contribution of the prism field, but it remains small in
comparison to scattering from the free waveguide, owing to disparity in the
path lengths.

This conclusion is based on the assumption that £ = lmm. A very

‘ different conclusion can result {f we suppose that effective coupling occurs




over a smaller distance. This could occur, for example, if the incident beam
has a slight divergence, so that the correct coupling angle is achieved only
across part of the beam., This would be the part nearest the termination of the
coupling spot, in order to avoid coupling out part of the waveguide beam.

To get an indication of what value £ might have, we begin by

deriving a relation for coupling efficiency. The defining expression is (Cl)

_ (c/4m) n D Ay (L)AT(L)
(c78m) n W A% (C18)

where the modal field Al(ﬂ) may be determined from the field at the surface

Eg(l) or by (integrating the differential Eq.(Cll). For low coupling
efficiencies such as are encountered in practice, we use Al(l) = aA3Z, where
a is given in Eq.(Cll). We also note the relation between beam width W and
coupling spot size Lc’ W= L cose3, where 63 = sin_l(ng/np) is the angle of
incidence on the base of the coupllng prism. Substituting these results in

Eq. 18, we obtain

n = |T321|2(ni—n§)(n§—n2) 1/28 /2n L D . (Cc19)
From the defining Eq. 10, we find |T321|2 4£2 (h)(n -n )/(n -1), where
f (h) is given in Eq.(Cl11). f2(h) varies from 4h for small values of h to
.- - approximately 2 for h=1,
: We are interested in the possibility of attaining reasonable
3517 coupling efficiencies with small values of £. Th%s is best accomplished if 4
' : ! |T321|2 has its largest value, |T321|2 = 8(n§ -n )/(ni‘l) = 3.755. Eq. 19 1
TN then becomes,
a0
o n = 2.037An(1—b)£2/LcD , (€20)

where we have used ni-ng2 = 2nAn(1-b). For 4&n = 0.005, b = 0.5, £ = 200um,

Lc = lmm, and D = 3.0um, we obtain n = 6.87 for the input coupling efficiency.
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We typically observe waveguide through-put in the range 5-10%. This is
marginally consistent with the above value for n if output coupling efficiency
is in the range 50-100%. This high efficiency is possible because there is
no restriction on output coupling length imposed by beam size or divergence,
as is the case with input coupling.

Using £ = 200um in Eq.(C17), we determine Eg(l) = 0.170 Ep'

That is, the peak waveguide field is approximately one-sixth the magnitude of
the prism field at the waveguide surface. The prism field is not effected
much by slight beam divergence, and may be regarded as constant over the
coupling length LC. The maximu? possible scattered intensity from this
field is then proportional to Ech’ which ;s to be compared to scattering
from the free waveguide, proportional to Eng. The ratio of prism-coupling

scattering to waveguide scattering is

2 2
R=1/I =EL/EL . (c21)
c 8 pc geg

A numerical value R

2.3 is found for the example Eg = 0.170 Ep‘ LC =
1.0 mm, and Lg = 15.0 mm. ,

‘ A more accurate analysis would employ an effective coupling length
Lé<LC in Eq.(C21) to account for the fact that some of the light scattered
into waveguide modes by the prism {field is out-coupled before it reaches the

free waveguide. The quantity e—ZY(LC-K) is the probability that a photon
scattered at x will reach x = LC without being lost to the waveguide, where

-, v is the amplitude attenuation coefficient given in Eq.(C11), The power scattered

by the prism field Ep which reaches the free waveguide is

C L 9 (Lae
! E2L! = B2f Cdxe 2 (e (622)
. pc p’o
L]
n from which we obtain
.;"‘c
L oL
- - Ll = (1/2y)(1-e 2vbey | (n23)
k4
<
"4
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For the numerical parameters used in the calculation so far, we find Lé =
481lum. The light scattered from the prism coupling region then reduced to
1117 of the total light scattered from the free waveguide.

While it must be acknowledged that the derived result R = 1.11
was obtained through the choice of favorable parameters, the calculation

does add support to the experimental observation that prism-associated scattering

is a significant part of the total in plane scattering measured. It is instruc-
tive to consider that the total effective scattering path length is given

by

L=L +1L (c24)
g e
where Le = RLg is the effective additional scattering path length associated
with prism enhancement. From Eqs.(C17),(C21),(C23), and (Cl1) we obtain

L, = 0.96 (D/€an(1-b)12(1/2y) (1-e 2 Yley,
(€25)

y = 0.51[An(1-b)/D]E2(h)

In obtaining this result, we have used Lé from Eq.(C22) in place of LC in
Eq. (C21).

If we perform scattering measurements with the coupling prisms
separated first by Lg and then by Lé, the ratio of scattered intensity in

the two measurements is given by

PO

IS/I; = (Lg + Le)/(Lg + Le) (C26)

oot tiai

where it is assumed that the effective length of the coupling region, Le’
is the same in the two experiments. We have used Lé = Lg/lO in experi- ! b

ments, This leads to ,

l= C
IS/Is (1 + Le/Lg)/(O.l + Le/Lg) . (C27)
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If Le = L the ratio is approximately 2. In other words, a factor of 10

change in free waveguide path length is accompanied by only a factor of

2 change in scattering. This is characteristic of our observations. We

have even obtained results in which I; 2 Is’ as can occur if Le increases

when the path length is reduced owing to variations in coupling efficiency.
The main assumption required to obtain values of Le/Lg as large

as unity is that of a small effective coupling length ¢. Supporting evidence

tor a small value of € is the fact that coupling to a waveguide mode occurs
over a range of tuning angles that happens to be about 1 mrad in our experiments.

this range includes the natural tuning range for the mode and a contribution

frome external factors such as beam divergence. We will use Aenat to describe

the natural angular turning range and AOiiv to describe the tuning range
[
asscciated with beam divergence. 11 A . is large compared to AD y We
. div nat
et ofticient coupling to occur over a distance
£ LA /ne . C28
¢ nat div ¢ )
]
A value for Aunq mayv be caleulated from formulas presented in
2 ¢ .
‘ the paper by lllrichg ) 1t 1”)31n“5 o detimes the angle of incixh\nc«-<‘3 ]
for counling to the mode having the eftective index n, a slight variation
"
in 03, say 89, causes a change in n by i amount
2 20/2 .
Sn_ = n_ cos B, 80 (n” - n7) L0 . (C29)
R . p 3 1
Ulrich shows that the energy density of light in the waveguide region falls
! of f in Lorentzian fashion with increasing Rnu, or equivalently, with increasing -
Y 3 &AL The full-width-at-half-maximum cnerov densitv is 3
‘\
- 2 2.1/2 . ,
S An. = (n_-n") / AD = 2K (C30)
o P - nat m
S Ty . ;s . " . «€2) .
in Ulrich's notation, where km is given bv FEq. (37) of his paper. j
Transferring our notation to his result we have, in the limit he<l, 1




¢-10
2 1/2, , 2
Aenat = 16h“[2n An(1-b)] /x(np-l)
x = =(9/ab)/An
. 1/2 _
y o= _kOD[ZnAn(l-b)] 2¢10 2¢12 (C31)
b1 = tan b/ (-b) 12
by, = tan” [ (n2-1)/ (2nan) (1-b) 1 2/ 2

In evaluating 3y/3b, we may neglect the contribution 3¢,./3b since
12

¢12 = v /2 for all values of b that are of interest. We find

/2

/b = -[b(1-b) 11

]

[koD(ZnAnb)1/2+l] . (C32)
By inserting this result into Eq. (C27), we obtain

Aenat

[16n°/(ny - 1)1(an(1-b) /k DIIQ/ (@+1) ]

(c33)
/2

L0
1]

kOD(ZnAnb)1

For the parameter values used in this section, including h = 1, An = 0.005,

b = 0.5, D = 3.0um and ko = 27/0.633um, Aen is in the vicinity of 0.1 mrad.

-
L

This is about one-tenth the total tuning range that we observe for our waveguides,

suggesting

AO A8, =0.1 . (C34)
nat div
In this case, only one-tenth of the extent of the incident wavefront is capable
of coupling efficiently to the waveguide, or L= LC/IO. This is comparable

to the values found in our earlier calculations to give large prism enhancement

of scattering.
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One possible alternative to the concept of prism-enhanced waveguide
scattering holds that the scattering results from inperfecticns in the coupling
prisms. We have several observations that suggest that this is not the case.
First, the angular distribution of inplane scattering does not change much
when the prism separation is reduced. This suggests that the size of the
scattering centers is the same in the waveguide region as in the prism region.
Barring coincidence, this suggests that the scatterers are localized in the
waveguide. Second, we have observed in our best waveguide a very low level
of scattering, even though no special precautions were taken with the prism
couplers. This waveguide was discussed in detajl in Ref. 1., and its scat-
tering performance is reproduced in Fipure C2. We interpret the result as
indicating that the reduction of waveguide scattering centers, as was done by
polsihing in this case, is accompanied by the reduction of prism-enhanced
scattering as well. This is consistent with our model, but not consistent
with the idea that the prisms have fixed scattering centers associated with
them,

Finally, we observe that prism~coupling scattering is greater in the
case of input coupling than output coupling. This would not be the case for
scattering centers fixed to the prism, but it is the case for prism enhanced
waveguide scattering. The mechanism that our model employs for prism-enhanced
scattering requires the evanescent ticld of the input beam to act as the source
of scattering. This source is not available in output coupling. Hence, less
enhancement is predicted in the case of output coupling.

We observed that this prediction was satisfied by an experiment in
which end~fire coupling was used along with a2 single-prism coupler. Total
scattering was less when the prism was used for output coupling and input
coupling was accomplished by end fire.

We conclude that the model of prism-enhanced waveguide scattering
exhibits many of the features that we have encountered in ¢xperiments. Let us
consider, then, how this effect mayv be reduced in future observations. The
main contribution leading to a large prism enhancement is the existance of a
small effective length € = 100um over which input coupling can occur. 1If £
be increased ten fold to the value associated with the coupling spot size or

beam width, prism enhancemeunt of the scattering is calculated to be negligible.
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Fig. €2. 1In-plane scattered-energy distribution
for the TE, mode propagating parallel
to the optic axis, after 11 h total
polishing time.
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C=-12

We determined above that £ = 100um was compatible with a beam
divergence of about 1 mrad. This is the natural divergence angle of many
low power He-Ne lasers, consistent with the typical beam width W = lmm.
Increasing £ should simply be a matter of carefully controlling beam collination

and insuring that the Gaussian waist coincide with the input coupling region.
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APPENDIX D

DETERMINATION OF WAVEGUIDE PARAMETERS FROM DIFFUSION CONDITIONS

It may be noted that the determination of scattering cross sections
using the various formulas of the text inevitably requires knowledge of the
waveguide index parameters An and D. These are generally determined using

the relations

An = AT/D

(p1)
/2

[~
t

- 2[D(T)tD]1

where A is an empirically determined coefficient, T is the Ti-film thickness,
T is the diffusion temperature, D(T) is the diffusion coefficient at that
temperature, and tD is the diffusion time.

The purpose of this appendix is to point out the caution that must
be taken in employing this type of analysis. The largest source of error is
in the film thickness T. This thickness is intended to correspond to that of
an oxygen-free Ti film prior to diffusion. However, Ti is an effective getter
of oxygen and our e-beam-cvaporated films invariably show more transparency
than they would be expected to for a pure Ti film, owing to the presence of
residual oxygen in the vacuum system. Measured values of T are therefore too
large by a factor that depends on the oxygen content of the film. Our own
experience is that this content depends strongly on the vacuum system employed.
Therefore, in applying the empirical relationship An = AT/D, the waveguide in
question should be fabricated from the same vacuum system used in experiments
to determine the constant A.

In our recent work, LiNbO3 waveguides have been diffused from e-beam
evaporated films formed in two different vacuum systems. In each case, the e-beam
gun was the same. The sample of Figure 20, emphasized in this report because
of its examination using end-fire coupling, was formed using the more efficient
vacuum system. It was diffused from a Ti film of thickness 250 A as determined

by a crystal thickness monitor and 315 % as determined using an angstrometer.
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D=2

Optical transmission was estimated to be in the range 10-25%. Most of the
other waveguides of the program were diffused using slightly more trans-
missive films, say 337 transmissive. These films were evaporated in a less
efficient vacuum system. For a given thickness these films would have had
less Ti and therefore would produce waveguides with a smaller An. We also
note that the waveguides having a greater oxygen content entered the substrate
more rapidly. This would indicate a larger diffusion depth D. Since most
scattering mechanism decrease in strength with smaller An and larger D, it
appears appropriate to diffuse films that have been evaporated in relatively
impertect vacua. It also appears reasonable to carry out the diffusion in a
oxygen-vich atmosphere, as we do, rather than in argon.

1t is ironic that the waveguide of Figure 20, which shows the best
scattering performance of any waveguide fabricated during the current program,
was fabricated under non-optimum conditions leading to a large An and small
D. We believe that the good performance resulted from the elimination of
prism—enhanced scattering and that much hetter performance may be expected

from waveguides fabricated under the more optimum conditions outlined in

See. V.
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APPENDIX

MEASUREMENT OF SURFACE ROUGHNESS FROM
SCATTERING OF REFLECTED LIGHT

This appendix describes a series of measurements that we made in order
to determine the surface-roughness parameters of our diffused LiNbO3 waveguides.
These measurements were made with the idea of correlating surface roughness with
measured in-plane scattering levels, using the theoretical results of Sec. IV.
The measurements proved to be exceedingly complicated and of limited precision,
so this plan was not fully implemented. However, those measurements that were

made are worth discussing.

EXPERIMENTAL CONFIGURATION

The experimental configuration that was employed is shown in Fig. El.
A gently focused laser beam was incident on the sample at approximately 45°. It
is critical that the beam be highly filtered spatially so that the only scatter-
ed light observed in the far field is that associated with the sample surface.
This filtering is most readily accomplished if the beam is focused on or near
the sample. However, the size of the beam incident on the sample should be
large in comparison to the roughness autocorrelation length in order to justify
a statistical analysis of the results.

Note from Fig. El1 that scattered light is monitored in the actual far
field. A lens is not used to generate the far-field condition because of the
scattering which would be introduced by surface roughness and imperfections in
the lens. Another problem is that of second-surface reflections from the sample.
These were either eliminated by blocking with a razor edge, or they were allowed
to contribute to the scattered signal. Blocking is difficult because light dif-
fracted from the razor is often comparable to or larger than the scattered
signal., On the other hand, allowing the second surface to contribute to the
scattering introduces an unknown quantity into the measurement because the
second surface will not contain a diffused waveguide, generally, and may also
have a greater incidence of scratches and imperfections introduced during sample

handling.
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Add to this the fact that the surfaces of LiNbO3 are intrinsically
very smooth (see Appendix A) and one can begin to appreciate the difficulty of
the measurement. We will be describing the measurement of scattering levels in

the range -60 to -70 dB.

THEORETICAL ANALYSIS

Our analysis of surface scattering parallels that of Sec. IV for
Rayleight-Gans-Debye scattering from waveguide index inhomogeneities. We con-
sider in Fig. E2 a single roughness element in an otherwise smooth surface. The
roughness height is 0 and the lateral size (autocorrelation length) is a. Light
reflected from the surface has its wavefront locally perturbed as a result of
the phase perturbation. The strength of the perturbation is A¢ = koc cosf, and it
occupies a region of size acosH,in the near field.

In the far field, the amplitude distribution is that of the unperturbed
beam plus the contribution from the roughness element, as described by the laws
of diffraction. For 0<</\0 the perturbed wavefront in the near zone has the peak

amplitude

A = iA k ccosB (F1)
no 00

If the roughness element is circular in the plane of the surface with radius a.
the wavefront perturbation will be elliptical, with major axis a perpendicular
to the plane of incidence and minor axis dcosG in the plane of incidence.

For convenience we will assume a Gaussian profile
A(x,y) = Anoe—(A/az)(lecosze + yz) (E2)
where x and y are coordinates attached to the reflected beam: the z axis is the
direction of propagation, the x axis is in the plane of incidence, and the v axis
is normal to the plane of incidence.

In the Fraunhofer zone, the amplitude distribution is the Fourier-~

transform of Eq. (E2), or

i(k /2)(xX + yY) .
Ap(X,Y) = _(1k0/2"z)eik02 [f dxdyA (x,y)e” "o (E3)
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Fig. E2. Geometry for analysis of scattering caused by
reflection from a rough surface.
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where X,Y are the coordinates in the observation plane that correspond to x.y
in the near zone, and z is the distance of the observation plane from the plane
of the sample., The result of carrying out the integration is

ik 2z
e

o (k?'oa2
o

Af(X,Y) = -Ao c0326/82)exp[—X2k§a2c0326/16z2
~v22a?/162%] - (E4)

The power from this scattered field intercepted by a detector of area S at a

distance z from the sample is

8P = (c/8n)|Af[2$ . (E5)

As for an in-plane scattering measurement, this power is referenced to the peak
power in the unscattered beam. This power is determined by a Fourier-transform
similar to Eq. (E3) for the incident field
2,2

A(r) = A LA (E6)
where W is the width of the incident beam on the surface, measured between
opposite 1/e2 intensity points. By inserting Eq. (F6) in place of An(x,y) in
Eq. (E3) we obtain
. 2, 2, 2.2
AR) = 1A _(k_/2n2)e R qifjayem (RT/2kWT/16 (E7)
as the unscattered amplitude in the far zone. Note that r and R are the radial

coordinates corresponding to x,y and X,Y, respectively,

The peak power collected by the detector of area S is
2
P = (c/8n)|Au(0)| S. (E8)

The relative scattered power is obtained by dividing Eq. (E8) into Eq. (E5) and
substituting the results of Eqs. (E7) and (E4). The result is
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2 2
(6P/P) = (kgozaacosaﬁ/wa) exp(—¢§ k;azcos"6/16 (E9)

-¢§k§a2/16) :

where ¢x = X/z and ¢y = Y/z are introduced to indicate the angle of scattering.
Thus far we have considered only scattering from a single roughness

element positioned at the most intense position of the beam. Other elements see

less incident power and their scattering strength is reduced proportionately.

Let x',y' be cartesian coordinates of the plane of the surface, with the origin

at beam center and the x' axis in the plane of incidence. Owing to the oblique

approach of the beam. the intensitv at x',v' is

I(x".v') = 1(0) exp[-8x’cos 6/W - 8y'2/W] . (E10)

Within an increment of area dx'dy' the total number of roughness elements is
2 . . . . . .
dx'dy'/a®, and their contribution to scattered power is 8P times the exponential

term in Eg. (10). The total scattered power is

I 2,2
AP -8x'"cos /W™ -8y'7/W (E11)

spa”> [[ dx'dy' e

-0

GP(nwz/Sazcose)

The total relative scattered power is obtained from Eq. (E9) by multiplying by

(AP/68P). The result is

2.2 2

AP/P = (w/8)(k§c a’cos8/w?) exp(—¢2k§a c0s26/16 (F12)

2,22
—¢ykoa /16)

Experimentally, we scan along the X axis, that is, in the plane of in-
cidence. Thus ¢y = 0 in Eq. El12, and we replace ¢x by ¢ for simplicity. The
equation to use in analyzing the data is

2.2 2 2
AP($)/P = (n/8)(k202a2cos30/w2) e-¢ koa cos“0/16 . (E13)
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Note that W is the waist of the incident beam, since we assumed in the analysis
that the incident wavefronts were planar in the vicinity of the sample. However,
the experiment may be performed with a diverging or converging beam. The scat-
tered power will remain constant since the number of scattering centers goes up
to compensate for the lower intensity at the sample surface. One must take
care to use the beam waist for W in Eq. El4 rather than the beam diameter at the

sample.

RESULTS AND ANALYSIS

Figure E3 shows the first experimental results, obtained for sample
154. 1In plotting the normalized scattered intensity versus scattering-angle
squared we expect to find a linear variation except near the orgin where the
unscattered intensity is large. These data are not plotted in Fig. E3, so a
good straight line is obtained down to the ncise level of the system. The slope
and intercept of this line provide information regarding the autocorrelation
length a and the surface roughness ¢. The relevant formulas obtained using

Eq. E13 are

slope = (10 log e)(koac056/4)2 (E15)

)
2cos3e/w")]

intercept = 10 log [(n/8)(k§azo

The first expression is used to find a value for a. This value is then inserted
into the second expression to enable the determination of a value for o. Even
if the data shows a good straight-line behavior, as does Fig. E3, we caution the
reader not to place significance on the values so obtained beyond a factor of
about 2. Our derivation has not followed a mathematically rigorous path (£2).
and even if it had we would ultimately have to make assumptions regarding the
surface roughness statistics valid for our sample. Thus we take some liberty
when we refer to 4 as the autocorrelation length and ¢ as the rms surface rough-
ness. Nevertheless the data of Fig. E3 indicates that 4 = 52 ym and o = 29 X.
To obtain these values, we used ko = (2n/0.633)um—1,6 = 47° and W = 142 um.

It was this experiment that led us to believe that surface roughness

»

was an important source of the observed scattering level in sample 154, as shown
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in Fig. 20. Although we later found that surface-compound formation could also
explain our in-plane scatiering results, we embarked on a program to measure
surface roughness for various waveguide samples and to correlate the results with
in-plane scattering levels for the same waveguides. This led to refinements in
the Experiment of Fig. E1 and made us aware of the experimental difficulties of
the measurement which we had not appreciated when the data of Fig. E3 were taken.

First of all, we had assumed that all scattering observed was that from
roughness in the I,iNb()"s surface. 1In fact, it is impossible to filter out all
background scattering %rom optics used in tlie measurement, so an initial deter-
mination of this background scattering must be undertaken. This was done by re-
moving the sample from the optical parh and measuring the scattered energy in
the incident beam' Then a similar measurement was made with the cryvstal in place.

These measurements were made for LiNb03 substrate 165. The NBS Taly-
sutrf examination of the similar substrate 164 had shown the surface to have a
smoothness less than or comparable to 3 ; . One does not therefore expect to
see much additional scatter produced by the I,iNbO.3 surface. The experimental
results of Fig, E4 show this to be true. Data taken with and without the crystal
in place are identical to within experimental uncertainty. The error bars in
Fig. E4 pertain to the data taken without the crvstal in place, shown as solid
data. Several runs were made and the variations in scattered intensity at a
given angle were used to determine the error bars., The position of the dots are
determined by averaging the results for two runs.

Best-fitting straight lines for the data are also plotted in Fig. E4.
The dashed line pertains to scattering observed with the sample in place. The
solid line refers to scattering from the incident beam. The proximitv of che two
lines in comparison to the size of the error bars sliows tbat the LiNbO3 roughness
cannot be measured by this technique. 1In fact, if ¢ = 3 A as determined by NBS
for a similar sample, we expect the intercept for surface roughness scattering to
fall between -70 and -75 dB, almost three orders of magnitude below the measured
background scattering level.

Figure E5 shows the results of a comparable cxperiment performed after
a Ti~diffused waveguide was fabricated in sample 165.° The fabrication conditions
were similar to those for sample 169; that is, a 600 A Ti film was diffused for

8 h at 1000°C. The surface roughness produced by the diffusion was sufficient to
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Fig. E4. Normalized scattered intensity vs scattering-angle squared 4
prior to waveguide formation. Dots correspond to background

[ . scattering from optics, crosses correspond to scattering from 5

i optics plus the LiNbQO3 surface prior to waveguide formation. §

k Straight lines show best linear fit, excluding data above -

‘ -50 dB.
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Fig. E5. Scattering level vs scattering-angle squared following wave-
guide formation. Dots correspond to background scattering
from optics. Crosses correspond to scattering from optics
plus the LiNb03 surface following waveguide formation.
Straight lines show best linear fit, excluding data above
-50 dB.
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cause a measurable scattered signal above the background level. The scattering
associated with the waveguide alone was determined by subtracting the value of
AP/P associated with the background from the value associated with the back-
ground plus waveguide. When this was done as a function of scattering angle,
using the straight lines in Fig. E5 to determine AP/P values, a curve was con-
structed which is virtually a straight line having intercept -45.67 dB and
slope 6.45 x 104 dB/radianz. This straight line is plotted in Fig. E6 along
with the straight line obtained from Fig. E3 for sample 154. Despite signifi-
cant differences in slope and intercept, the two lines are found to be consis-

tent with fairly similar values for @ and o. We find

a(ls4) = 52 um
a(l165) = 72 um
0 (154) = 29 A |
5(165) = 29 A

This is surprising in view of the very different fabrication conditions for the
two wavegnides, However it is consistent with our observation that waveguide
169, fabricated similarly to 165, had in-planc scattering characteristics compa-
rable to 154, 1t may be that diffusion induced roughness is smoothed away for

sufficiently long diffusion times.
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